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Chapter 1 
 
General Introduction 
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Several heavy metals and metalloids, such as Fe, Zn, Mn, Cu, Mo, and Ni are biologically 
essential micronutrients for all plants, whereas others, among which As, Cd, Pb, Cr, Tl, Cs, 
and many others are without known biological functions, occasionally except for specific 
taxa (Clemens, 2001; Epstein and Bloom, 2005). Both essential and non-essential heavy 
metals are phytotoxic when present at high concentrations in the soil. Toxic plant-available 
heavy metal concentrations in soils can occur naturally, as geological anomalies, or as a result 
of anthropogenic activities, such as mining, smelting, manufacturing, or application of 
fertilizers, pesticides and sewage sludge (Kruckeberg, 1954; Foy et al., 1978). Conventional 
methods to remediate soils contaminated with heavy metals are expensive, disturb the soil 
structure and fertility, and are labor-intensive (Luo et al., 2000; Wu et al., 2010). A technique 
called ‘phytoremediation’ has been presented as a low-cost and environmentally friendly 
alternative. Phytoremediation, or more precisely, ‘phyto-extraction’ uses plants that extract 
the heavy metals from the soil and translocate them to their aboveground parts, which are 
then harvested to remove the metals from the system (Brooks et al., 1998; Lahner et al., 2003; 
McGrath and Zhao, 2003). On the other hand, soils can also be deficient in essential heavy 
metal micronutrients, leading not only to decreased crop yield, but also to dietary deficiencies 
in humans. It has been estimated that around 40% of the world’s population suffers from iron 
or zinc deficiency (Black et al., 2008). At present there are no satisfactory plant-based 
solutions to the problems of heavy metal contamination of soils and food, and dietary metal 
micronutrient deficiencies, which is in part owing to a lack of knowledge of the mechanisms 
underlying plant metal homeostasis and metal tolerance and the natural variation therein. 
 
1.1 Metal (hyper)tolerance and hyperaccumulation 
 
A relatively small number of plant species, called ‘metallophytes’ appear to be able to 
survive and reproduce on heavily metal-contaminated, so-called ‘metalliferous’ soils, which 
are toxic to the great majority of plant species. Metallophytes can be strictly bound to 
metalliferous soils (‘obligate metallophytes’), or occur on both metalliferous and non-
metalliferous soils (‘facultative metallophytes’) (Ernst, 1974). Metallophytes are 
characterized by strongly enhanced levels of tolerance (‘hypertolerance’) to one or more 
heavy metals, in comparison with non-metallophytes (Macnair, 1993; Schat and Vooijs,  
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1997). In facultative metallophytes hypertolerance is usually confined to metallicolous 
populations, and largely specific to the metal(s) that are present at toxic concentrations in the 
soil at the site of origin (McNeilly, 1968; Antonovics et al., 1971; Macnair, 1993). 
The majority of metallophytes are metal shoot excluders, maintaining more or less 
constant and low metal concentrations in their above ground parts over a broad range of soil 
metal concentrations. A minority, called ‘hyperaccumulators’, accumulate metals to 
extremely high concentrations in their leaves, occasionally even from soils with low or 
moderate heavy metal concentrations (Baker, 1981). Metal hyperaccumulation involves at 
least three key processes: (i) efficient metal uptake across the plasma membrane, (ii) efficient 
root-to-shoot translocation, and (iii) metal chelation and sequestration in specific cellular 
compartments within the leaves (Assunção et al., 2003a; McGrath and Zhao, 2003; Hassan 
and Aarts, 2011). Hyperaccumulators usually grow on serpentine soil, hyperaccumulating Ni. 
A small minority of hyperaccumulators have been reported to hyperaccumulate other metals, 
among which Zn, Cd, As, Tl, Pb, Co, or Cu. Hyperaccumulation of Zn, Cd and As have been 
experimentally verified. Tl, Pb, Co, and Cu hyperaccumulation still need unambiguous 
experimental verification (van der Ent et al., 2012). Zn and Cd hyperaccumulation, although 
being rare, have been relatively well studied, due to the availability of two suitable model 
species, Arabidopsis halleri and Noccaea (formerly Thlaspi) caerulescens, both being 
facultative metallophytes with considerable intra-specific variation in accumulation and 
tolerance characteristics, which provides opportunities to genetically dissect the 
hyperaccumulation and hypertolerance mechanisms, and to identify the responsible genes 
(Bert et al., 2003; Cosio et al., 2004; Courbot et al., 2007; Hanikenne et al., 2008; Assunção  
et al., 2003a, b; Papoyan and Kochian, 2004; Lochlainn et al., 2011). 
 
1.2 Zn and Cd hyperaccumulation in N. caerulescens and A. halleri 
 
Efficient uptake of metals from the soil is the first step in hyperaccumulation. The roots of 
Noccaea caerulescens take up Zn from the soil at a much higher rate than does the related 
non-hyperaccumulator Thlaspi arvense (Lasat et al., 1996). Lasat and Kochian (2000) 
reported that the Km values for N. caerulescens and T. arvense were similar, but the Vmax was 
much higher in N. caerulescens, suggesting a higher expression of a functionally similar Zn 
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transporter in N. caerulescens. Candidates for such a Zn transporter are several members of 
the ZIP family: ZIP4, ZIP10 and especially IRT3 were found to be much higher expressed in 
N. caerulescens roots than in A. thaliana roots (van de Mortel et al., 2006). Other ZIP genes 
that are higher expressed in N. caerulescens roots than in A. thaliana ones are ZIP1, ZIP2 and 
ZIP5. All these genes are induced under Zn deficiency in A. thaliana, but more or less 
constitutively expressed in N. caerulescens (Assunção et al., 2001; van de Mortel, 2006). N. 
caerulescens accessions from South-France, more precisely the region around the village of 
Ganges, hyperaccumulate Cd in their leaves to much higher concentrations than most of the 
accessions outside this region. Lombi et al. (2001) showed a 5-fold higher Vmax of Cd root 
influx in plants from the Ganges region, in comparison with plants from Prayon, Belgium. 
Moreover, Cd accumulation was suppressible by enhanced Zn supply in plants from Prayon, 
but not in those from Ganges (Zhao et al., 2002), suggesting that they use different uptake 
mechanisms with contrasting Cd/Zn specificity patterns, at least in part. The latter was 
confirmed by QTL analysis of an intra-specific F2 cross between a plant from Ganges and 
one from La Calamine, an accession which strongly resembles Prayon, in terms of 
accumulation behavior (Deniau et al., 2006). 
Enhanced metal root to shoot translocation is the next key process, if not the driving 
force (Hanikenne et al., 2008), of metal hyperaccumulation. Zn and Cd xylem loading in A. 
thaliana is mainly accomplished by the 1b P-type ATPases HMA2 and HMA4. These partly 
redundant transporters are localized to the plasma membrane of, particularly, the xylem 
parenchyma of the root, where they are supposed to efflux Zn and Cd from the xylem 
parenchyma into the xylem vessels (Hussain et al., 2004; Wong and Cobbett, 2009). The high 
rates of Zn and Cd translocation, as well as the high levels of tolerance to these metals in A. 
halleri have been shown to depend on a strongly enhanced expression of HMA4, which is in 
this species affected by the combination of a tandem triplication of the gene and altered cis-
regulation (Hanikenne et al., 2008). RNAi-mediated silencing of AhHMA4, approximately 
down to the expression level of AtHMA4, completely abolished the hyperaccumulation of Zn 
in the leaves, and the hypertolerance to Zn and Cd, as estimated from root growth. Recently, 
enhanced HMA4 expression due to tandem quadruplication and altered cis-regulation has also 
been demonstrated in N. caerulescens, which is a remarkable case of parallel molecular 
evolution, since the hyperaccumulation trait must have been independently evolved in 
Noccaea and Arabidopsis (Lochlainn et al., 2011).  
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It is not obvious why AhHMA4 is not only essential for Zn/Cd ‘hypertranslocation’, 
but also for Zn/Cd hypertolerance in A. halleri, which also appeared from QTL analysis 
(Willems et al., 2007, 2010; Courbot et al., 2007; Frérot et al., 2010) The most straight-
forward explanation could be that hyperaccumulators sequester metals primarily in the leaves 
and, consequently, that hypertolerance is primarily an attribute of the shoot, which has been 
confirmed by reciprocal grafting between N. caerulescens and the related non-
hyperaccumulator, Thlaspi perfoliatum (Guimarães et al., 2009). From this viewpoint, the 
loss of Zn and Cd tolerance upon silencing of AhHMA4 can be explained by the mere 
disruption of these metals’ ‘transport to the shoot’ where the sequestration mechanism 
resides. On the other hand, it cannot be excluded that AhHMA4 also contributes in a different 
way to Cd/Zn hypertolerance. For example, when heterologously expressed in A. thaliana, 
the gene is not only expressed in the xylem parenchyma, such as in wild-type A. thaliana, but 
also in the root tip and the leaf mesophyll cells (Hanikenne et al., 2008), where it could 
confer tolerance by effluxing the metals from the cytosol into the rhizozosphere, or into the 
root or leaf apoplast (Courbot et al., 2007).  
Although the high level of AhHMA4 expression is doubtlessly essential for Zn and Cd 
hyperaccumulation and hypertolerance in A. halleri, it is probably not sufficient. Expression 
of AhHMA4 under the A. halleri promoter in A. thaliana did not confer considerably 
enhanced rates of root-to-shoot metal accumulation, although it did yield a very high level of 
expression, suggesting that other factors necessary for the hyperaccumulation phenotype are 
missing from the A. thaliana genetic background (Hanikenne et al., 2008). It seems that such 
factors are related with the metal storage capacity of the root cell vacuoles, which is typically 
reduced in hyperaccumulators, in comparison with non-hyperaccumulators (Lasat et al., 
1998; Xing et al., 2008). Reduced vacuolar storage in root cells in hyperaccumulators may be 
brought about by a strong accumulation of free histidine in root cells, leading to metal-
histidine complex formation, which renders the metal unavailable for influx into the vacuole, 
due to the concomitant suppression of a vacuolar metal-histidine-complex transporter. This 
mechanism has been described for Ni in Ni-hyperaccumulating accessions of N. caerulescens 
(Richau et al., 2009), but it also applies to Zn in the whole species, as appears from yet 
unpublished results (A.D. Kozhevnikova and H. Schat, unpublished). Nicotianamine has been 
shown to play a similar role in A. halleri, i.e. enhancing the radial symplastic transport of Zn 
to the root xylem, as shown by RNAi-mediated suppression of the nicotianamine synthase  
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gene NAS2, which is one of the most highly expressed genes in the roots of this species 
(Deinlein et al., 2012). Since A. halleri and N. caerulescens express NAS2 to approximately 
the same degree (Deinlein et al., 2012; van de Mortel et al., 2006), it is to be expected that 
nicotianamine-mediated Zn xylem loading exists also in N. caerulescens. Although the 
precise mechanism of nicotianamine-based Zn xylem loading is not yet understood, it seems 
likely that it is also based on reducing the efflux of Zn from the root cytosol into the vacuoles 
or cell walls (Deinlein et al., 2012). In addition to this, it has been shown by means of 
compartmental flux analysis that root cell vacuoles from N. caerulescens release their Zn at a 
higher rate than those from Thlaspi arvense (Lasat et al., 1998), suggesting that the decreased 
vacuolar retention of metals in root cells in hyperaccumulators is based both on reduced 
influx into and enhanced efflux out of the vacuole. The transporters involved have not been 
identified. The vacuolar efflux transporters NRAMP3 and NRAMP4 are more strongly 
expressed in hyperaccumulators than in non-hyperaccumulators (Weber et al., 2004; van de 
Mortel et al., 2006; Oomen et al., 2009), and capable to transport Cd, and Cd and Zn, 
respectively (Oomen et al., 2009). It is thus conceivable that these transporters might be 
responsible for the high rates of efflux of Cd and Zn from root cell vacuoles in 
hyperaccumulators. 
Once in the leaves, the metals have to be efficiently transported to their final 
destination, which is, mainly, the large epidermal cell type (Küpper et al., 2001; Yruela, 
2005). This probably implicates enhanced rates of deloading from the xylem and cell-to-cell 
transport in the mesophyll (Schmidke and Stephan, 1995), followed by efficient vacuolar 
storage in the large epidermal cells and, to a lower degree, in the vacuoles of the mesophyll, 
in comparison with non-hyperaccumulators. The mechanism of metal deloading is unknown 
yet. Enhanced cell-to-cell transport of metals among photosynthetic leaf cells has been 
suggested to rely on high rates of both influx and efflux across the plasma membrane (Klein 
et al., 2008), mediated by ZNT1 (Küpper and Kochian, 2010) and, possibly, HMA4 (see 
above), respectively. Their uptake into the non-photosynthetic, large epidermal cells is 
mediated by ZNT5 and, finally their storage in the vacuoles of these cells, which has been 
suggested to be the driving force of the hyperaccumulation process, seems to be mediated by 
MTP1 (= ZAT = ZTP1), at least in case of Zn (Küpper and Kochian, 2010), or by HMA3 in 
case of Cd (Ueno et al., 2011). There is good circumstantial evidence that the high expression 
levels of these vacuolar transporters are among the major determinants of Zn hypertolerance 
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in A. halleri (Dräger et al., 2004; Willems et al., 2007) and Cd hypertolerance in N. 
caerulescens (Ueno et al., 2011), respectively. The high expression of MTP1 in A. halleri is 
in part due to expansion of the gene’s copy number (Shahzad et al., 2010). Once in the 
vacuole, both Zn and Cd are bound to organic acids, such as citrate or malate (Wang et al., 
1992; Salt et al., 1999; Sarret et al., 2002).  
 
1.3 Heavy metal hypertolerance in non-hyperaccumulating metallophytes 
 
The mechanisms and molecular genetics of heavy metal hypertolerance in metallophytes of 
the excluder type are almost completely unknown. Analyses of the segregation patterns in 
progenies of crosses between metallicolous and non-metallicolous plants suggest that 
hypertolerance traits in excluder metallophytes are of a relatively simple genetic architecture, 
with just a few loci involved, i.e., one to four loci per metal (Schat et al., 1996; Macnair et al., 
1999; Frérot et al., 2003). In Silene vulgaris, for example, which is one of the best studied 
non-hyperaccumulator metallophyte species, Cd, Zn, and Cu hypertolerance seem to be 
controlled by one, two, and three or four loci, respectively (Schat et al., 1992, 1993, 1996), all 
being specific to the metal in question, although one of the Zn hypertolerance genes seems to 
produce low-level co-tolerances to Ni and Co, respectively (Schat and Vooijs, 1997). 
However, Cd and Zn hypertolerance do not have any genetic determinant in common (Jack et 
al., 2007), which is different from A. halleri, where the HMA4 locus co-localizes with a 
common QTL for the tolerance and foliar accumulation of both Zn and Cd (see above). It is 
remarkable that progenies of crosses between plants from different geographically isolated 
populations with the same (combinations of) metal-specific hypertolerance(s), even when 
belonging to different subspecies, usually do not segregate, at least not to the extent that the 
non-hypertolerant phenotype is recovered (Schat et al., 1996). There is ample evidence that 
hypertolerant populations generally originate through divergent selection from local non-
hypertolerant ancestral populations, rather than through long distance dispersal from other 
hypertolerant populations (Schat et al., 1996; Koch et al., 1998; Mengoni et al., 2001; Meyer 
et al., 2010). Therefore, it seems that evolution of hypertolerance under the pressure of any 
particular metal tends to target the same genetic loci, and consequently, that different 
populations with independently evolved hypertolerances to the same metal tend to use the 
same mechanisms. 
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Zn hypertolerance in S. vulgaris has been associated with an increased retention of Zn 
in the roots (Harmens et al., 1993), and an enhanced capacity to sequester Zn in root cell 
vacuoles (Verkleij et al., 1998). In progenies of crosses between non-metallicolous and 
metallicolous S. vulgaris, Zn hypertolerance has been shown to co-segregate with an 
enhanced capacity for Zn uptake into energized root-derived tonoplast vesicles (Chardonnens 
et al., 1999), suggesting that these properties are genetically correlated, indeed. The 
responsible vacuolar transporter, however, has not been identified thus far. MTP1-like 
transporters, some of which having been shown to produce Zn hypertolerance upon ectopic 
over-expression in A. thaliana (van der Zaal et al., 1999; Blaudez et al., 2003; Gustin et al., 
2009), or responsible for Zn tolerance QTLs in A. halleri x A. lyrata crosses (Willems et al., 
2007), are obvious candidates. Zn-hypertolerant populations also express the 
metallothioneine, MT2b, at higher levels than do non-metallicolous ones, but there is no co-
segregation of MT2b expression and Zn hypertolerance in segregating progenies of crosses 
between metallicolious and non-metallicolous plants. However, it is still possible that MT2b 
acts as a hypostatic enhancer, not conferring hypertolerance by itself, but merely enhancing 
the degree of hypertolerance conferred by some other epistatic gene(s) (Jack et al., 2007). In 
any case, phytochelatins, the major metal binding peptides in the plant kingdom (Grill et al., 
1987; Cobbett, 2000a,b; Schat et al., 2002), do not play a role in Zn hypertolerance (Harmens 
et al., 1993; Schat et al., 2002), although they may well be responsible for part of the 
constitutional level of Zn tolerance in at least some non-metallophytes (Tennstedt et al., 
2009). Organic acids like malate and citrate are probably the major chelators of vacuolar Zn 
in the roots (Wang et al., 1992; Rauser, 1999; Salt et al., 1999; Sarret et al., 2002), like they 
are in the leaves of Zn hyperaccumulators (see above). 
Like Zn hypertolerance, Cd hypertolerance is associated with enhanced retention of 
Cd in the root in S. vulgaris (Verkleij and Prast, 1989). Practically nothing is known about 
the precise mechanism(s) of Cd hypertolerance in this and other excluder metallophytes. 
Phytochelatins, which are essential for constitutional Cd tolerance in non-metallophytes (Guo 
et al., 2008; Brunetti et al., 2011) and non-metallicolous populations of facultative 
metallophytes (Schat et al., 2002), are not involved in Cd hypertolerance (De Knecht et al., 
1992, 1994; Schat et al., 2002). Since Cd hypertolerance is consistently associated with Zn 
hypertolerance in natural metallicolous populations (Schat et al., 1996), it is also associated 
with enhanced expression of MT2b (see above). However, there is no co-segregation of high 
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MT2b expression and Cd hypertolerance in segregating progenies of crosses between 
metallicolous and non-metallicolous plants (Jack et al., 2007), which was also found for Zn 
hypertolerance (see above). In non-metallicolous S. vulgaris most of the root Cd is bound to 
phytochelatins (De Knecht et al., 1992), probably residing in the vacuoles, since Cd-
phytochelatin complexes, which are formed in the cytosol, are efficiently transported across 
the tonoplast via ABC transporters (Salt and Wagner, 1993; Martinoia, 2002; Etxeberria et 
al., 2012). However, in Cd-hypertolerant plants, which synthesize much less phytochelatins 
upon Cd exposure than non-metallicolous plants do (De Knecht et al., 1992, 1994), the 
phytochelatin-bound fraction of root Cd is relatively small. It is conceivable that Cd-
hypertolerant plants use alternative transporters, e.g., HMA3-like proteins. Alternative 
potential vacuolar ligands for Cd are citrate and malate, like for Zn (Wang et al., 1991). 
However, there is no conclusive evidence that Cd hypertolerance in S. vulgaris is based on an 
enhanced vacuolar sequestration capacity in the root. Enhanced efflux across the plasma 
membrane, possibly mediated by HMA2/4-like transporters, is another possibility.  
Copper hypertolerance in S. vulgaris is not associated with a decreased shoot to root 
Cu concentration ratio, but with decreased Cu accumulation in both roots and shoots, 
apparently due to a decreased rate of net Cu uptake (Lolkema et al., 1984; Schat and Kalff, 
1992). Genetic analysis of crosses revealed four Cu hypertolerance genes, including two 
hypostatic ones (Schat et al., 1993, 1996). The MT2b gene is a suitable candidate for a 
hypostatic enhancer function. It is strongly and constitutively over-expressed in Cu-
hypertolerant plants, probably through gene copy number expansion, and high-level Cu-
hypertolerance co-segregates consistently with high MT2b expression in crosses between 
distinctly Cu-hypertolerant F3 plants, although the high expression level does not co-
segregate with Cu hypertolerance, as such, in crosses between non-Cu-hypertolerant and 
hypertolerant plants (Van Hoof et al., 2001a). This suggests that MT2b over-expression does 
not produce the Cu-hypertolerance phenotype by itself, but strongly enhances it in the 
presence of another Cu hypertolerance gene. Cu hypertolerance in S. vulgaris has also been 
shown to be associated with a strongly enhanced rate of Cu influx into energized inside-out 
root plasma membrane vesicles isolated from Cu-hypertolerant plants, in comparison with 
those from non-metallicolous plants, which suggests that the low net uptake rates in Cu-
hypertolerant plants may be explained, at least in part, by enhanced Cu efflux from the root 
into the rhizosphere, or from the root symplast into the root apoplast (Van Hoof et al., 
2001b).   
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In A. thaliana Cu efflux across the root plasma membrane is mediated by HMA5. 
Athma5 mutants are compromised in their Cu tolerance and Cu root-to-shoot transport 
(Andrés-Colás et al., 2006; Kobayashi et al., 2008). They over-accumulate Cu in their root to 
an extent that does not seem to be quantitatively explained by the reduced rate of Cu root-to-
shoot translocation (Andrés-Colás et al., 2006), suggesting that HMA5 also effluxes Cu from 
the roots into the root environment. Therefore, over-expression of HMA5 would be a 
plausible mechanism for Cu hypertolerance in S. vulgaris and, consequently, HMA5 is a 
plausible candidate for an epistatic Cu hypertolerance gene. 
 
1.4 Outline of this thesis 
 
This thesis investigates aspects of the molecular and physiological mechanisms of heavy 
metal hyperaccumulation and hypertolerance in facultative metallophytes. As a 
hyperaccumulator model we used Noccaea caerulescens, which is considered to be a highly 
suitable model to dissect hyperaccumulation and hypertolerance traits (Assunção et al., 
2003a). Much work has already been done, but the detailed mechanisms of hypertolerance 
and hyperaccumulation in this species are far from completely understood. As excluder 
metallophytes models, we used Silene vulgaris, together with the congeneric S. paradoxa, 
which is also a facultative metallophyte capable to evolve hypertolerances to Cu, Cd and Zn 
(Mengoni et al., 2003; Arnetoli et al., 2008). 
In chapter 2, we describe the isolation of HMA4 cDNAs and promoters from three 
different accessions of N. caerulescens. To better understand the functioning of HMA4 in 
hyperaccumulators and non-hyperaccumulators, we expressed the NcHMA4 and AtHMA4 
cDNAs under the AtHMA4 promoter and different NcHMA4 promoters in the A. thaliana 
hma2hma4 double mutant, and compared the Zn and Cd translocation phenotypes of the 
transgenic lines with wild-type A. thaliana. We phenotyped these transgenic lines also for Cd 
tolerance. To check and compare the tissue-specificity, promoter::GUS fusions were also 
expressed. 
In chapter 3, we isolated an HMA2-like gene and investigated its role in Cd and Zn 
hypertolerance in S. vulgaris and S. paradoxa. The transcript levels in the roots were 
measured in metallicolous and non-metallicolous plants, as well as in F2 crosses segregating 
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for Cd and Zn tolerance.We also analysed the copy number of HMA2 in the genome of 
metallicolous and non-metallicolous populations of both species.  
In chapter 4 we investigated the role of HMA5 and MT2b in Silene vulgaris in Cu 
hypertolerance. To this end, the constitutive transcript levels of HMA5 and MT2b in the roots 
were estimated in metallicolous and non-metallicolous plants, and of HMA5 in F2 and F3 
crosses segregating for Cu hypertolerance. We analysed the copy number of these genes in 
the genome of metallicolous and non-metallicolous populations of both species. To further 
characterize the function of HMA5, SvHMA5 was expressed in A. thaliana (Col) under the 
35S CMV promoter and its native promoter in the hma5 mutant background. The transgenic 
lines were phenotyped for Cu tolerance and translocation. 
The results have been discussed in chapter 5, together with future perspectives. 
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Summary 
 
Noccaea caerulescens exhibits a very high constitutive expression of the heavy metal 
transporting ATPase, HMA4, as compared to the non-hyperaccumulator A. thaliana, due to 
copy number expansion and altered cis-regulation. We screened a BAC library for HMA4 and 
found that HMA4 is triplicated in the genome of a N. caerulescens accession from a former 
Zn mine near La Calamine (LC), Belgium. We amplified multiple HMA4 promoter sequences 
from three calamine N. caerulescens accessions, and expressed AtHMA4 and different 
NcHMA4 cDNAs under At- and NcHMA4 promoters in the A. thaliana (Col) hma2hma4 
double mutant. Transgenic lines expressing HMA4 under the At promoter were always fully 
complemented for root-to-shoot Zn translocation and developed normally at 2 µM Zn in the 
nutrient solution, whereas the lines expressing HMA4 under Nc promoters usually showed 
severe Zn deficiency and only slightly enhanced root to shoot Zn translocation rates in 
comparison with the double mutant, probably owing to the high degree of activity of the Nc 
promoter in the leaf mesophyll, and incorrect tissue specificity in the roots, respectively. The 
transgenic lines with the LCp1::AtHMA4 construct showed on average a 7-fold higher 
expression in the leaves of the Zn deficiency responsive gene, ZIP4, in comparison with the 
double hma2hma4 mutant, showing that this construct aggravated, rather then alleviated the 
severity of foliar Zn deficiency in the mutant. 
 
Keywords: Noccaea caerulescens, HMA4, promoter activity, promoter swapping, Zn 
deficiency, Zn translocation, gene expression 
 
 
Introduction 
 
Zinc (Zn) is an essential element for all organisms. However, it is toxic when taken up in 
excess (Marschner, 1995; Kamal et al., 2004). Therefore, all organisms tightly regulate their 
cellular Zn status (Clemens, 2001). The network underlying Zn homeostasis in plants is 
incompletely known, but a number of Zn transporters of the ZIP/IRT, MTP, and HMA 
families have been shown to play essential roles in the acquisition, plant-internal transport, 
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and sequestration of Zn (Guerinot, 2000; van de Mortel et al., 2006; Gustin et al., 2009; 
Shahzad et al., 2010; Papoyan and Kochian, 2004; Hussain et al., 2004; Wong and Cobbett, 
2009). Heavy metal transporting ATPases (HMAs) constitute the P1b subfamily of cation 
transporter ATPases. In Arabidopsis thaliana this subfamily is represented by eight members, 
of which HMA1-4 and HMA5-8 are transporting divalent and univalent heavy metal cations, 
respectively. All HMAs are effluxing heavy metal ions from the cytosol, either into the cell 
wall, the vacuole, or other organelles (Hussain et al., 2004, Andrés-Colás et al., 2006; Ueno 
et al., 2011; Kim et al., 2009). In A. thaliana, HMA2 and HMA4 are plasma membrane-
localized, particularly expressed in the xylem parenchyma of the roots, and supposed to be 
involved in the loading of Zn and Cd into the xylem (Hussain et al., 2004; Wong and 
Cobbett, 2009). They seem to be partly redundant, since the single knock-out mutants, hma4 
and hma2, have only a modest or no phenotype for Zn root-to-shoot transport respectively, 
whereas the double mutant has a very strong phenotype under normal Zn supply, including 
stunted growth, chlorosis and infertility (Hussain et al., 2004).  
A minority of plant species, called metallophytes, are capable to grow and reproduce 
on strongly heavy-metal enriched ‘metalliferous’ soils. These plants, or at least their 
metallicolous populations, exhibit extraordinary high levels of tolerance, also called 
hypertolerance (Clemens, 2006), to particular heavy metals (Antonovics et al., 1971; Ernst, 
1974; Macnair, 1993). In so-called facultative metallophytes or pseudometallophytes, i.e. 
species occurring on non-metalliferous as well metalliferous soils, hypertolerance is largely 
metal-specific and confined to the metal or metals present at toxic concentrations in the soil 
at the site of population origin (Schat et al., 1996; Schat and Vooijs, 1997). A small fraction 
of metallophytes, about 450 species worldwide, are classified as metal hyperaccumulator 
plants, accumulating particular heavy metals at extremely high concentrations in their foliage 
(Baker et al., 2000). Most of them hyperaccumulate nickel (Ni), but some of them mostly 
zinc (Zn), and/or cadmium (Cd), such as Noccaea caerulescens (formerly known as Thlaspi 
caerulescens) and Arabidopsis halleri (Cosio et al., 2004). 
The mechanisms of hypertolerance and hyperaccumulation in metallophytes are far 
from completely understood. However, Cd and Zn hyperaccumulation and hypertolerance in 
Arabidopsis halleri have been shown to depend on a strongly enhanced expression of HMA4, 
which is in this species effected by tandem triplication and altered cis-regulation (Willems et 
al., 2007; Courbot et al., 2007; Hanikenne et al., 2008). Recently, enhanced HMA4  
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expression, due to tandem quadruplication and altered cis-regulation, has also been 
demonstrated in Noccaea caerulescens, which is a remarkable case of parallel molecular 
evolution, since the hyperaccumulation trait must have been independently evolved in 
Noccaea and Arabidopsis (Lochlainn et al., 2011).  
Although enhanced HMA4 expression is doubtlessly essential for the hypertolerance 
and foliar allocation of Zn and Cd in hyperaccumulators, as convincingly demonstrated by 
RNAi-mediated silencing in A. halleri (Hanikenne et al., 2008), it does not seem to be 
sufficient to confer significant levels of Cd or Zn hypertolerance or hyperaccumulator-like 
foliar accumulation rates in the non-hyperaccumulator/non-metallophyte genetic background 
of A. thaliana. Heterologous expression of AhHMA4, under the AhHMA4 promoter, in A. 
thaliana yielded enhanced Zn and Cd sensitivity, manifested as reduced shoot growth and 
chlorosis, but without considerably enhanced foliar metal accumulation (Hanikenne et al., 
2008). The reason for this is still elusive, and further characterization of the functioning of 
hyperaccumulator HMA4 genes in a non-hyperaccumulator genetic background is therefore 
required. Moreover, although the three AhHMA4 copies seem to show very similar expression 
patterns (Hanikenne et al., 2008), it cannot be excluded that there is some degree of 
functional differentiation among them. Therefore, in the present study we made an attempt to 
more precisely characterize the HMA4 cDNAs and HMA4 promoters from N. caerulescens, 
through expression in the A. thaliana hma2hma4 double mutant. We were particularly 
interested in the potential of NcHMA4 to reverse the foliar Zn deficiency phenotype of the 
double mutant. We phenotyped the transgenic lines also for Cd tolerance and translocation. 
To better understand the functioning of HMA4 in hyperaccumulators and non-
hyperaccumulators, we expressed the NcHMA4 cDNAs under the AtHMA4 promoter and the 
other way around, and compared the Zn and Cd translocation phenotypes of the transgenic 
lines with those of lines expressing AtHMA4 under the native AtHMA4 promoter. To check 
for potential differences in tissue or cell type specificity, we made and compared the 
activities of the promoter::GUS constructs for all the N. caerulescens promoters and the A. 
thaliana one.  
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Materials and Methods 
 
Plant materials and experimental conditions 
Seeds of Arabidopsis thaliana (Col) wild-type, the hma2hma4 double mutant and transgenic 
lines were sterilized in 96% ethanol, then 10% bleach, washed three times with sterilised 
water, suspended in 0.1% agarose and sown on 0.8% (w/v) gelrite plates containing 0.5% 
Murashige and Skoog (MS) salts at pH 5.7-5.9 with 25 µg ml
-1
 hygromycin for the transgenic 
lines, 25 µg ml
-1
 kanamycin for the mutants and no antibiotics for wild-type on square petri 
plates that were placed vertically. Seeds were germinated at 22 ºC under a 10 h/d 
photoperiod. After two weeks seedlings were transferred to hydroponics culture in 1-L 
polyethylene pots (three plants per pot, each plant of a different genotype) containing a 
modified half-strength Hoagland’s solution (Schat and Ten Bookum, 1992). Plants were 
grown in a climate room at 20/15 ºC d/n, light intensity 220 µmol m
-2
 s
-1
 at plant level, 10 h 
d
-1
, 75% RH. Nutrient solutions were renewed weekly. After two weeks in hydroponics, 
plants were exposed to five different concentrations of Cd (0.5, 12, 25 and 50 µM) and two 
concentrations of Zn (2 and 10 µM), supplied as CdSO4 or ZnSO4, ten plants per treatment. 
Before exposure roots were stained with active carbon powder (to facilitate the measurement 
of root length increment) and washed with demineralised water (Schat and Ten Bookum, 
1992). After five days of exposure, root growth, i.e. the length of the longest unstained root 
segment was measured. 
Seeds of N. caerulescens, collected at La Calamine (LC), Belgium, and Ganges (Ga) 
and Col du Mas de l’Aire (CMA), South-France, were sown on garden soil (Jongkind B.V., 
number 6, Aalsmeer, The Netherlands). Site and accession characteristics are given in 
Assunção et al. (2003) (LC and Ga). CMA is another lead mine from the region around the 
village of Ganges. Some accumulation and tolerance characteristics of the accessions are 
given in Peer et al. (2003) and Mohtadi et al. (2012). Two-weeks old seedlings were 
transferred to hydroponics in 1-L polyethylene pots containing a modified half-strength 
Hoagland’s solution (Schat and Ten Bookum, 1992). After two weeks leaves and roots were 
harvested, snap-frozen in liquid nitrogen and stored at -80 °C until RNA extraction. 
Determination of Cd and Zn concentrations 
Cd and Zn concentrations were determined in roots and shoots (10 plants per population per 
concentration, pooled two by two, to make 5 samples) of wild-type, mutant and transgenic  
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lines. Roots were carefully rinsed with ice-cold PbNO3 (5 mM) for thirty minutes and blotted 
with paper tissue. Cd and Zn were determined by digesting 50-100 mg of oven-dried plant 
material in 2 ml of a 1:4 (v/v) mixture of 37% (v/v) HCl and 65% (v/v) HNO3 in Teflon 
bombs for 7 h at 140 °C, after which the volume was adjusted to 10 ml with demineralised 
water. Cd and Zn were determined on a flame atomic absorption spectrophotometer (Perkin 
Elmer AAS100). 
RNA and DNA extraction and 1st strand cDNA synthesis 
RNA was extracted from frozen root and shoot tissues using Trizol
TM
 (Invitrogen), following 
the manufacturer’s instructions and as described in Jack et al. (2007). Single-stranded cDNA 
was synthesized from total RNA (2.5 µg, boiled for 1 minute) using 100 Units M-MLV 
Reverse Transcriptase (Invitrogen), 2 mM dNTPs, 100 mM DTT, 10X RT buffer and 10 µM 
oligo dT primer at 42 ºC for 1 hour. DNA was isolated according to Karp et al. (1999). 
Expression analysis of HMA4 
cDNA was synthesized following the manufacturer’s protocol. Based on the sequence, intron 
spanning specific primers were designed for real time quantitative PCR (Supporting 
Information Table S1), ACT2 was used as a positive internal control. Real time quantitative 
PCR was performed using SensiMix™ SYBR No-ROX kit (Bioline) using the Bio-Rad MJ 
Research Opticon™ Real Time PCR detection system (Applied Biosystems Inc., IJssel, The 
Netherlands). SensiMix™ SYBR No-ROX kit includes the SYBR
®
 Green I dye, dNTPs, 
stabilisers and enhancers. A dilution range in water of the cDNA samples was tested to 
identify the cDNA concentration that produced a CT between 15 and 30 cycles. The final 
reaction conditions were, 10 µl SensiMix™ SYBR No-ROX  matser mix, 0.75 µl forward 
primer (final concentration of 250 nM), 0.75 µl of reverse primer (final concentration of 250 
nM) and cDNA in a total reaction volume of 20 µl. An initial step of 95 ºC for 10 min was 
used to activate the polymerase. Cycling conditions were: melting step at 95 ºC for 10 s and 
annealing-extension at 60 ºC for 20s, with 40 cycles, at the end melting curve from 60 ºC to 
90 ºC, read every 0.5 ºC, hold 10 s. All qPCR reactions were performed in experimental 
triplicates, and a maximum difference of 1 cycle between the CT of the triplicate samples was 
considered acceptable. Negative controls were included for each primer pair to check for 
significant levels of any contaminants. Expression values were calculated using the 2
-ΔΔC
T 
method (Livak and Schmittgen, 2001). 
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Southern hybridisation 
We screened a BAC library of LC for HMA4 and found three BAC clones containing HMA4. 
BAC clone DNA was extracted from 5 ml of overnight culture grown in LB medium 
containing 12.5 µg ml
-1
 chloramphenicol, using the Miniprep Plasmid DNA Purification kit 
(QIAGEN) but skipping the column purification step. For Southern analyses, 2 µg of BAC 
clone DNA from two clones was digested with restriction enzymes (EcoRV, XbaI, BamHI, 
HindIII and EcoRI) at 37 ºC for 6-7 h and separated on a 0.8% (w/v) agarose gel in TEA 1X 
buffer. Then, the agarose gel was submerged into 0.25 N HCl for 15 min and rinsed with 
water 2-3 times for 15 min. DNA fragments were transferred and cross-linked onto a 
positively charged nylon membrane (Hybond-N
+
, Amersham Biosciences) by capillary 
blotting using 0.4 N NaOH overnight (±16 hours). For Southern analysis of BAC clones, the 
HMA4 probe was obtained from a PCR fragment of 521 bp produced from LC genomic DNA 
using the fwd; 5ʹ -ACAGGAAGAAAGTTGAAGGCGG- 3ʹ and rev; 5ʹ -CCTCACTAGCA-
AGCAACAAACG- 3ʹ primers designed on the last exon and purified using a PCR 
purification kit (QIAGEN). Fifty ng of purified PCR product was radioactively labeled with 
α[
32
P] dCTP using Klenow enzyme with random primers (hexamers). Prehybridization was 
carried out in G and C buffer for 2 h. Hybridization was carried out in the same buffer 
overnight at 65 °C. Then the blot was washed at 55 °C with 2*SSC, 0.1% (w/v) SDS. The 
final and more stringent wash was 0.5*SSC, 0.1% (w/v) SDS, again at 55 °C. The blot was 
then placed against a phosphorus screen for sixteen hours. Then the phosphorus screen was 
scanned on a Storm 820 Phospho-imager. 
Sequencing of NcHMA4 promoters, making of the constructs, transformations and 
characterization of transformant lines 
Several chromosome walks were done on the DNA of N. caerulescens, accessions La 
Calamine (LC), Ganges (Ga) and Col du Mas de l’Aire (CMA), to pick up the promoters of 
HMA4 (primers for chromosome walk are in Supporting Information Table S2). GaHMA4p1 
and 2 were amplified, using forward primers designed on the promoter sequence of Saint 
Laurent Le Minier HMA4 (Lochlainn et al., 2011). AtHMA4 cDNA was amplified from a 
cDNA clone obtained from Riken, Japan (Resource number pda 08214, cDNA clone RAFL 
09-32-D05). The upstream sequence from the start codon of AtHMA4 until the end of 
upstream gene was taken as the AtHMA4 promoter. Amplicons with the Noccaea promoters 
fused with the AtHMA4 and NcHMA4 cDNAs, the AtHMA4 promoter with the NcHMA4 and  
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AtHMA4 cDNAs, and HMA4 promoters containing attB1 and attB2 sites were prepared. PCR 
reactions were performed using the “Phusion
®
 High Fidelity DNA Polymerase” (Finnzymes). 
The primers used to amplify these products are given in the Supporting information under 
“Supporting Methods”. All DNA recombinant techniques were performed according to the 
GATEWAY Cloning System. The GATEWAY procedure is divided in two main steps: i) BP 
recombination reaction between attB-flanked DNA fragment and appropriate attP-containing 
donor vector using BP Clonase
®
 II enzyme mix, to generate an entry clone, ii) LR 
recombination reaction between the entry clone and a Gateway
®
 destination vector using LR 
Clonase
®
 II to generate an expression clone. We used pHGWFS7 (Karimi et al., 2002) as a 
destination vector for promoter analysis and pH7WG2(-p35S) for all other constructs. These 
binary vectors contain a hygromycin phosphotransferase (hpt) gene, which confers resistance 
to hygromycin in transformed cells. These binary vectors were introduced into the 
Agrobacterium tumefaciens strain C58 (pMP90) by electroporation. 
 
AtHMA4p::GUS GaHMA4p3::GUS LCHMA4p1::LCHMA4-1 cDNA 
LCHMA4p1::GUS CMAHMA4p1::GUS LCHMA4p1::LCHMA4-2 cDNA 
LCHMA4p2::GUS CMAHMA4p2::GUS LCHMA4p1::AtHMA4 cDNA 
LCHMA4p3::GUS AtHMA4p::AtHMA4 cDNA LCHMA4p2::AtHMA4 cDNA 
GaHMA4p1::GUS AtHMA4p::LCHMA4-1 cDNA GaHMA4p3::AtHMA4 cDNA 
GaHMA4p2::GUS AtHMA4p::LCHMA4-2 cDNA CMAHMA4p1::AtHMA4 cDNA 
 
Table 1. Constructs used for the Arabidopsis transformation and phenotyping experiments 
 
Seeds of the homozygous A. thaliana hma2hma4 double mutant (Col) (Hussain et al., 
2004) were kindly provided by Prof. Chris Cobbett, University of Melbourne. Athma2hma4 
double mutants and wild-type (promoter constructs) were transformed by Agrobacterium 
tumefaciens containing the constructs given in table 1, using the flower dip technique 
(Clough and Bent, 1998). Transgenic T0 seeds were surface-sterilized and sown on 0.8% 
(w/v) gelrite plates containing 0.5% Murashige and Skoog (MS) salts at pH 5.7-5.9 with 50 
µg/ml hygromycin for screening. The plates were kept vertically to record the root growth. 
After two weeks, there was a clear difference between the transgenic and un-transformed 
plants. The transgenic plants were transferred to a nutrient solution containing a modified 
half-strength Hoagland’s nutrient solution (see above). After two weeks in hydroponics,  
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samples were taken from root and leaves to extract RNA. RNA was isolated using Trizol. 
cDNA was synthesized using M-MLV from Invitrogen. Then the relative transcript levels 
were measured by RT-qPCR, using Actin-2 as a positive internal control. The primers are 
given in Supporting information Table S1. 
Preparation of NcHMA4p::GUS constructs and hairy root transformations in N. 
caerulescens 
LCHMA4p1 and LCHMA4p2 were used in a LR reaction with the pKGWGG-RR vector 
(Limpens et al., 2004) through Gateway
®
 LR Clonase
TM
 II Enzyme Mix (Invitrogen
TM
) to 
create an expression clone. Sequence reactions were done using the big dye terminator 
protocol. These expression clones were inserted separately in Agrobacterium rhizogenes by 
electroporation, and then used for hairy root transformation of N. caerulescens. 
Roots of N. caerulescens were transformed with LCHMA4p constructs via 
Agrobacterium rhizogenes mediated transformation. Single colonies of transformed 
Agrobacterium rhizogenes were cultured in 3 ml LB media with 100 µg ml
-1
 spectinomycin 
at 28 ºC overnight. Two hundred µl from the liquid culture were plated on LB-agar plates 
containing the same antibiotic and grew for 2 days at 28 ºC. Seeds of N. caerulescens 
accession La Calamine were sown in 4 plates of ½ MS (pH 5.8) without sugar, 25 seeds per 
plate. Seven days old plants had their roots removed just below the hypocotyl and were 
transformed with A. rhizogenes. One spot of aggregated bacteria was put at the tip of each 
hypocotyl for co-culturing and plates were put in the climate chambers supplying 250 µmol 
m
-2
 s
-1
 light at plant level during 16 hr day period, 24 ºC temperature, and 70% relative 
humidity. After five days, seedlings were transferred to new ½ MS (pH 5.8) without sugar 
supplemented with 100 µg ml
-1
 tricarcillin to remove the bacteria. Transformed roots were 
checked every 3 days in a stereomicroscope (Leica) through the expression of DsRED 
protein, and non-transformed roots were removed. After eight weeks growth, the plants 
showing fully transformed roots were analyzed for GUS reporter activity. 
GUS Assay 
Seeds of Arabidopsis T1 lines containing fusions of promoters of AtHMA4 and NcHMA4 with 
the β-glucuronidase (GUS) reporter were sown on 0.8% (w/v) gelrite plates containing 0.5% 
Murashige and Skoog (MS) salts at pH 5.7-5.9 with 25 µg ml
-1
 hygromycin. Activity of GUS 
was checked in two weeks Arabidopsis old seedlings growing on MS plates, and in 
transformed N. caerulescens roots by staining overnight in a solution containing 1 mM X- 
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Gluc in 50 mM sodium phosphate at pH 7.5. After the incubation, 70% ethanol was used to 
remove chlorophyll. Staining patterns were observed and photographed using a binocular 
microscope (bright light). 
Sequences and phylogenetic analysis 
DNA sequences were analysed using Vector NTI (Invitrogen). Data base searches were 
conducted with BLAST (www.ncbi.nlm.nih.gov) and TAIR (www.arabidopsis.org). The 
nucleotide sequences were aligned on ClustalW2 (http://www.ebi.ac.uk/Tools/msa/-
clustalw2/). The phylogenetic tree was constructed using MEGA4 (Kumar et al., 2008) with 
Neighbor-joining and 1000 bootstrap replicates. 
Statistics 
Statistic analysis was performed using one-, two- and three-way ANOVA. The MSR statistic 
was used for a posteriori comparisons of individual means (Rohlf and Sokal, 1981). When 
necessary, data were subjected to logarithmic transformation prior to analysis. 
 
 
Results 
 
Southern blot analysis 
Southern blot analysis of the two BAC clones isolated from the LC gDNA library showed 
that most of the lanes contained three bands, suggesting that HMA4 is at least triplicated in 
LC (Fig. 1).  
 
 
Fig. 1. Southern blot of two La Calamine BAC 
clones. Each clone was restricted by five different 
restriction enzymes (EcoRV, XbaI, BamHI, 
HindIII, EcoRI and PstI). Hybridization was done 
with a 521 bp probe from the last exon of HMA4. 
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N. caerulescens HMA4 coding and promoter sequences 
We constructed phylogenetic trees for NcHMA4s and other known HMA4 coding sequences 
and promoters (Supporting Information Fig. S1, S2). A. halleri HMA4s are about 88% 
identical with A. thaliana HMA4 (Hanikenne et al., 2008). N. caerulescens HMA4s are less 
identical with AtHMA4, i.e. 80 to 85%. All the NcHMA4s share about 98% identity among 
each other. On an amino acid basis AhHMA4s and NcHMA4s are around 86%, or 71 to 76% 
identical with AtHMA4, respectively. NcHMA4s are 94 to 99% identical among each other 
on an amino acid basis (Supporting Information Table. S4a).
All the NcHMA4 promoters are 36 to 39% identical with the AtHMA4 promoter, and 
38 to 43% identical with the AhHMA4 promoters. When compared among each other, the 
NcHMA4 promoters share 36 to 96% identity (Supporting Information Table. S4b). 
Expression patterns in N. caerulescens and wild-type A. thaliana 
Transcript levels of HMA4 were determined by quantitative real-time RT-PCR in A. thaliana
and N. caerulescens shoots and roots. In A. thaliana HMA4 was mainly expressed in the root, 
i.e. 20 times higher than in the shoot.  In N. caerulescens ecotypes LC and CMA HMA4 was 
more expressed in the shoot than in the root, whereas in Ga it was more expressed in the root 
than in the shoot (Fig. 2). On average, the shoot and root HMA4 transcript concentrations 
were about 400-fold and 25-fold higher, respectively, in N. caerulescens than they were in A. 
thaliana. 
Fig. 2. HMA4 expression in three Noccaea caerulescens accessions (fold A. thaliana in shoot) La 
Calamine(LC), Ganges (Ga) and Col du Mas de l’Aire (CMA). 
0 
200 
400 
600 
800 
1000 
1200 
LC Ga CMA At 
H
M
A
4
 e
x
p
re
ss
io
n
 (
fo
ld
 A
t 
w
t)
 
Shoot 
Root 
0 
10 
20 
30 
At 
$*"
HMA4 expression under N. caerulescens and A. thaliana HMA4 promoters 
We expressed NcHMA4 and AtHMA4 cDNAs under different NcHMA4 promoters and the 
AtHMA4 promoter in the At hma2hma4 double mutant. There was no significant effect of the 
cDNA source on the expression levels in 4-weeks old (2 weeks in hydroponics) T0 plants 
(data not shown).  
 
Fig. 3. AtHMA4 expression under A. thaliana and N. caerulescens promoters in the root of transgenic A. 
thaliana relative to the expression in the root of A. thaliana wild-type which is considered as one (n=5). 
 
Fig. 4. AtHMA4 expression under A. thaliana and N. caerulescens promoters in the shoot of transgenic A. 
thaliana relative to the expression in the shoot of A. thaliana wild-type which is considered as one (n=5). 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
1.6 
1.8 
2 
A
tH
M
A
4
 e
x
p
re
ss
io
n
 (
fo
ld
 A
t 
w
t)
 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
A
tH
M
A
4
 e
x
p
re
ss
io
n
 (
fo
ld
 A
t 
w
t)
 
%+"
"
 
 
Fig. 5. Arabidopsis plants expressing GUS under AtHMA4 and NcHMA4 promoters from the accessions LC, Ga 
and CMA. [Scale bars = 5 mm in (a) to (i), 2 mm in (a’) to (i’) and 30 µm in (a’’) to (i’’’)]. 
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When expressed under Nc promoters, the transgene expression levels in the roots 
were, surprisingly, on average lower than that under the endogenous AtHMA4 promoter, 
except for the LCHMA4 promoter-1. The latter and the At promoter both provoked expression 
levels close to the wild-type level in A. thaliana (Fig. 3). In the shoot, however, all the Nc 
promoters tested were significantly (4- to 60-fold) more active than the At one (Fig. 4). To 
compare the patterns of tissue-specificity, we also expressed, under the same promoters, GUS 
in wild-type A. thaliana. When expressed under the AtHMA4 promoter, GUS activity was 
consistently high in the root stele, but negligeable in the root tip. When expressed under 
NcHMA4 promoters, however, GUS activity was often low or negligeable in the root stele, 
but (extremely) high all over the apical 2-mm root segment (Fig. 5). Moreover, the NcHMA4 
promoters often provoked considerable GUS activity in the leaves, occasionally all over the 
leaf blade, rather than confined to the veins, whereas the AtHMA4 promoter was barely active 
in the leaves (Fig. 5). The GUS staining patterns observed did not match very well with the 
expression levels in 4-week old plants (Figs. 5, 3 & 4). 
GUS was also expressed under the LCHMA4 promoter-1 and 2 in N. caerulescens, 
using Rhizogenes-mediated root transformation. Staining was observed mainly in the stele 
and the root tip, though exclusively in the root cap (Fig. 6). 
 
 
 
Fig. 6. GUS expression under the (a) and (d) LCHMA4 promoter-1, (b) and (e) LCHMA4 promoter-2 in N. 
caerulescens roots. (c) and (f) are control roots [Scale bars = 30 µm]. 
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Mutant complementation with Nc and At HMA4 promoters 
All the T0 plants expressing NcHMA4 or AtHMA4 cDNAs under the AtHMA4 promoter 
developed normally in a non-Zn-amended nutrient solution (2 µM Zn). On the other hand, 
with few exceptions, the majority of the T0 plants expressing NcHMA4 or AtHMA4 under any 
of the NcHMA4 promoters developed the stunted, curly and chlorotic rosette leaves typical of 
the At hma2hma4 double mutant. These plants were all infertile. In many of them the 
inflorescences already died back before anthesis, which was also observed in case of the 
double mutant, and in the rest the siliques remained very small (< 4 mm) and completely 
devoid of seeds. Other plants developed more or less normal leaves and normally sized 
inflorescences, but with small and seedless siliques. All of these plants, including the double 
mutants, were rescued by increasing the Zn concentration in the nutrient solution from 2 to 10 
µM. Only two plants, both transformed with the LCp1::AtHMA4 construct, developed 
normally and set seeds at 2 µM Zn. 
(a) (b) 
  
 
Fig. 7. (a) HMA4 expression in the root of transgenic Arabidopsis hma2hma4 mutant plants (fold expression 
relative to At wild-type). (b) Arabidopsis hma2hma4 double mutant transformed by LCp1::AtHMA4, on the left 
is a low expresser and on the right is high expresser of HMA4. 
To compare expression levels and phenotypes, we classified the LCp1::AtHMA4 T0 
plants, according to their Zn deficiency phenotype, into three categories, i.e., 1) no apparent 
Zn deficiency symptoms at 2 µM Zn (‘normal’), 2) green rosette, but infertile at 2 µM Zn,  
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and 3) stunted and chlorotic rosette and infertile at 2 µM Zn (Fig. 7b). The severity of the Zn 
deficiency phenotype appeared to be inversely related to the level of HMA4 expression in the 
root. The ‘normal’ plants had expression levels of less than half of those of plants expressing 
AtHMA4 under the At promoter, on average. The green, but infertile, and the chlorotic 
infertile plants had expression levels close to, and higher than the mean for Atp::AtHMA4-
transformed plants, respectively (Fig. 7a). 
Zn root-to-shoot translocation and mutant complementation 
We compared Zn root-to-shoot translocation among transgenic, wild-type and hma2hma4
mutant plants. In a first experiment we used selected T1 transgenic plants derived from T0 
plants expressing AtHMA4 approximately at wild-type level in the roots, under the LCp1, 
LCp2, Gap3 and CMAp1, respectively. After three weeks of growth in hydroponics at 2 or 10 
µM Zn, all of the transgenic lines had foliar Zn concentrations that were slightly, but 
significantly higher than that of the double mutant, but much lower than that of wild-type 
plants (Fig. 8a). The root Zn concentrations were highest in the double mutant and lowest in 
wild-type, except for the CMAp1::AtHMA4 line at 10 µM Zn (Fig. 8b). All the transgenic 
lines and the double mutant showed symptoms of foliar Zn deficiency. 
(a) (b) 
 
Fig. 8. Zn concentration in Arabidopsis wt and transgenic lines (µmol g-1 DW) at 2 and 10 µM ZnSO4 in the 
nutrient solution (a) shoot, (b) root. 
In a second experiment we compared selected T1 derived from T0 plants transformed 
with Atp::AtHMA4, Atp::LCHMA4-1, Atp::LCHMA4-2, LCp1::LCHMA4-1,  
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LCp1::LCHMA4-2, and LCp1::AtHMA4, using wild-type as a reference. For this experiment 
we choose the T1 progenies derived from T0 plants expressing LCHMA4, 5- to 10-fold higher 
than wild-type in the roots. The two AtHMA4 expressing lines were derived from T0 plants 
with approximately wild-type expression levels in their roots. The lines with the constructs 
containing the AtHMA4 promoter had wild-type foliar Zn concentrations, or even higher in 
the case of the Atp::LCHMA4-2 line, which was derived from a T0 plant with a particularly 
high root expression level (6 times At wild-type level, in comparison with 1.5 and 4 times for 
the T0 parents of the other lines) (Fig. 9). The lines with the constructs containing the LCp1
exhibited foliar Zn concentrations that were significantly lower than At wild-type level. The 
two lines derived from the T0 plants with the highest root expression levels (9 and 10 times At 
wild-type level for LCp1::LCHMA4-1, LCp1::LCHMA4-2) showed much higher foliar Zn 
concentrations, i.e., more than half of the wild-type level, than the one derived from the T0 
with the lowest root expression level (1.5 times for LCp1::AtHMA4), i.e., about 25% of wild-
type, comparable to the former experiment (Fig. 8). As expected, in the LCp1::AtHMA4 line 
the root Zn concentration was higher than in At wild-type, but this was also the case for the 
Atp::LCHMA4-2 line (Fig. 9). All the lines transformed with the LC promoter-1, as well as 
the double mutant, showed symptoms of foliar Zn deficiency, whereas all the lines 
transformed with the At promoter did not. 
 
Fig. 9. Zn concentration in Arabidopsis wt and transgenic lines in shoot (left) and root (right) (µmol g-1 DW) at 
2 ,M Zn in the nutrient solution. 
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Fig. 10. Average ZIP4 expression in leaves in 
transgenic lines expressing AtHMA4 under the 
LCHMA4 promoter-1, the hma2hma4 mutant, and 
wild-type (fold expression relative to Arabidopsis
wt). 
To estimate the degree of foliar Zn deficiency in the lines transformed with the 
LCp1::HMA4 construct, we measured the foliar expression level of a sensitive Zn deficiency 
marker, ZIP4 (Grotz et al., 1998), in an LCp1::AtHMA4 T1 line, the hma2hma4 double 
mutant, and wild-type. ZIP4 was 5-fold higher expressed in the double mutant, and even 35-
fold higher expressed in the transgenic line, in comprison with wild-type, showing that 
expression of HMA4 under the LCp1 aggravates, rather than alleviates the foliar Zn 
deficiency of the double mutant (Fig. 10). 
Cd tolerance and accumulation 
Cd tolerance, estimated from the root growth response, was tested in the same set of T1 lines 
that were used in the second Zn translocation experiment (see above). Although there was 
significant variation in root length increment among the lines, the line x Cd interaction was 
insignificant, showing that the lines did not significantly differ in their response to Cd (Fig. 
11). The Cd concentrations in shoot and root at the 0.5- and 12-µM Cd exposure levels are 
given in Fig. 12a and b. At the 0.5-µM exposure level the lines transformed with the At 
promoter exhibited wild-type-like or higher foliar Cd concentrations, whereas the lines 
transformed with the LC promoter-1 exhibited significantly lower concentrations, in 
comparison with wild-type. In the roots the Cd concentrations were higher in wild-type than 
in the LCp1::LCHMA4-1 and LCp1::LCHMA4-2 lines. Overall, the patterns of variation in 
the Cd concentrations found at the 0.5-µM exposure level were essentially the same as found  
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for Zn among the same set of lines (see above). At the 12-µM exposure level, however, there 
were occasionally significant, but never considerable differences between the root and shoot 
Cd concentrations between the lines and wild-type, or among the lines (Fig. 12a,b). 
 
 
Fig. 11. Effect of Cd on root growth in Arabidopsis wt and transgenic lines. Root length increments were 
measured after 4 days. 
(a) (b) 
 
Fig. 12. Cd concentration in Arabidopsis wt and transgenic lines (µmol g-1 DW) exposed to 0.5 and 12 ,M Cd. 
(a) shoot, (b) root. 
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Discussion 
 
Our results clearly confirm that HMA4 is strongly over-expressed, both in roots and in shoots, 
in the Zn/Cd/Ni hyperaccumulator N. caerulescens, in comparison with the non-
hyperaccumulator A. thaliana. Like in the other Zn/Cd hyperaccumulator model, A. halleri, 
this over-expression must be due to a combination of copy number expansion and altered cis-
regulation of the individual copies (Hanikenne et al., 2008). The copy number seems to vary 
between accessions in N. caerulescens, ranging from two to four (Lochlainn et al., 2011; 
Craciun et al., 2012). The three copies that we found in the LC library matches with the three 
copies established in the nearby accession from Prayon (Craciun et al., 2012).  
The most striking result that we obtained is that expressing either AtHMA4 or 
NcHMA4 cDNAs under any N. caerulescens HMA4 promoter did not complement the Zn-
translocation-deficient A. thaliana hma2hma4 double mutant, whereas expression under the 
endogenous AtHMA4 promoter always did. This is not simply a matter of the degree of 
expression of the transgene in the root. Admittedly, the HMA4 expression levels produced by 
Nc promoters in the double mutant background were surprisingly low, in some cases even 
significantly lower than the wild-type expression level in A. thaliana. However, when 
compared in lines derived from plants with equal transgene expression levels in the roots, 
Atp::HMA4 constructs completely restored the Zn root-to-shoot translocation to wild-type 
level or higher, whereas Ncp::HMA4 constructs only slightly enhanced the foliar Zn 
concentration. Even in Ncp::HMA4 lines expressing the transgene about 10 times higher than 
wild-type in the root, the foliar Zn concentrations were not higher than 60% of the wild-type 
level, whereas a strongly expressing Atp::HMA4 line showed enhanced Zn translocation,  in 
comparison with wild-type (Fig. 9). The reasons for this are not entirely clear, but incorrect 
expression under the Nc promoters, in terms of tissue- or cell-specificity, seems to be the 
most plausible explanation. As indicated by the GUS assays, the Nc promoters are often 
mainly active in all the cells of the 2-mm apical root segment, rather than in the xylem 
parenchyma, whereas the At promoter is exclusively active in the xylem parenchyma (Fig. 5). 
One might argue that this could be owing to the short length of the Nc promoter sequences 
that we isolated, i.e. 2100 to 2600 bp, in comparison with the At promoter (± 4000 bp), which 
covered the whole upstream intergenic region. However, as shown by the GUS assay with 
Rhizogenes-transformed N. caerulescens roots, 2135 bp of the LC promoter-1 and 2357 bp of  
  
%)"
"
the LC promoter-2 are apparently enough to produce the correct expression pattern in N. 
caerulescens itself (Fig. 6). Thus, it seems more likely that the A. thaliana genetic 
background might not provide the right ‘transcriptional environment’ for the Nc promoters.  
There seemed to be a degree of positive correlation between the transgene expression 
levels in the root and the foliar Zn concentrations among the lines transformed with the Nc 
promoters (Fig. 8a). However, in spite of this, the transgene expression levels in the roots 
were also positively correlated with the severity of foliar Zn deficiency symptoms, at least 
among the plants transformed with the LCp1::AtHMA4 construct (Fig. 7). The most likely 
explanation for this phenomenon is that the transgene expression levels in roots are more or 
less correlated with those in shoots (Fig. 3 & 4). It is remarkable that expression of AtHMA4 
under the LC promoter-1 improved, albeit slightly, the root-to-shoot Zn translocation (Fig. 9), 
but aggravated rather than alleviated the foliar Zn deficiency symptoms in the hma2hma4 
double mutant, as demonstrated by the strongly enhanced ZIP4 expression level (Fig. 10). 
The latter might be attributable to the relatively high level of HMA4 expression in the leaf 
mesophyll (Fig. 4), which would be expected to enhance the efflux of Zn from 
photosynthetically active cells. This might in turn cause or enhance Zn deficiency in the 
absence of hyperaccumulator-like uptake and root-to-shoot translocation rates. The high 
expression of HMA4 outside the veins in the leaves of mutants transformed with Ncp::HMA4 
constructs might well reflect the natural expression pattern in N. caerulescens itself. As 
demonstrated by Klein et al. (2008), N. caerulescens cells in suspension culture accumulate 
less Zn or Cd than A. thaliana cells, presumably due to higher metal efflux rates. It is 
therefore conceivable that a high-level of HMA4 expression in the leaf mesophyll in 
hyperaccumulators could serve to promote the cell-to-cell transport of metals from the 
vasculature to their final destiny, the large epidermal cells (Küpper and Kochian, 2010).  
Our results clearly show that HMA4 (over)expression does not confer Cd tolerance to 
the hma2hma4 double mutant. This is not surprising, because at the higher, toxic Cd exposure 
levels, there were no considerable effects on the root or shoot Cd concentrations of the 
transgenes (Fig. 12). At the non-toxic 0.5-µM Cd exposure level, however, there were 
pronounced and significant effects. Overall, these effects were about the same as those on the 
root and shoot Zn concentrations (Figs. 8 & 9). This, together with the extremely low foliar 
Cd concentration in the mutant at the 0.5 µM exposure level, confirms that HMA4 can 
translocate both Zn and Cd in A. thaliana (Hussain et al., 2004; Wong and Cobbett, 2009).  
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However, at higher exposure levels, the translocation of Cd, in contrast with that of Zn, is 
apparently no longer dependent on HMA4, but mediated by other systems with lower 
affinity.  
Comparing our results with those obtained with HMA4 genes and promoters from the 
other model Zn/Cd hyperaccumulator, A. halleri, reveals several differences. First, the 
AhHMA4 promoters produced a much higher GUS expression in A. thaliana roots than did 
the NcHMA4 promoters in the present study. Second, GUS expression in transgenic A. 
thaliana under the different AhHMA4 promoters exhibited the correct tissue-specificity 
pattern, i.e. exclusively in the xylem parenchyma and the root cap (Hanikenne et al., 2008). 
The reason for the low and incorrect HMA4 expression under NcHMA4 promoters that we 
observed in our study is elusive, but it is well conceivable that it has something to do with the 
bigger phylogenetic distance between N. caerulescens and A. thaliana, in comparison with 
that between the congeneric A. thaliana and A. halleri. 
Finally, the question of whether correct over-expression of HMA4 can confer 
hyperaccumulator-like metal translocation rates to non-hyperaccumulator host species 
remains unanswered. Ectopic HMA4 over-expression in A. thaliana has been reported to 
enhance Cd or Zn translocation to the shoot, albeit to a marginal degree (Verret et al., 2004; 
Hanikenne et al., 2008). However, in these studies HMA4 has been exclusively expressed 
under the 35S CMV promoter, which is bound to yield incorrect tissue-specificity patterns. 
Unfortunately, also the NcHMA4 promoters that we used in the present study did not produce 
the correct expression pattern in A. thaliana roots, which probably explains the 
inconsiderable effects of the HMA4 transgenes on Zn and Cd translocation. It is reasonable to 
hope that this problem may not apply to the A. halleri HMA4 promoters (see above). 
However, even in cases where hyperaccumulator promoters would yield a correct 
hyperaccumulator-like HMA4 expression pattern, it is doubtful whether this would lead to 
more than marginal increments of root-to-shoot metal translocation rates. There are good 
reasons to assume that hyperaccumulator-like translocation rates are not only dependent on 
HMA4-mediated xylem loading, but also on ‘upstream mechanisms’ preventing the retention 
of metals in root cell vacuoles (Richau et al., 2009; Deinlein et al., 2012). 
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SUPPORTING TABLES 
 
Primer Name Sequence 
QsiTcAct2F CGTCGCCATCCAAGCTGTTC 
QsiTcAct2R CACCATCACCAGAGTCCAGC 
QsiTcHMA4F CGAGAACCGTGATCGTTGTC 
QsiTcHMA4R CGTTTGCTTCTAACCTCGCTTG 
QsiAtAct2fw ATGTCGCCATCCAAGCTGTTC 
QsiAtAct2rev CACCATCACCAGAATCCAGCA 
qAtHM4fwd CGCCGTAGTTTCCGGCTTAC 
qAtHM4rev AATCGGATAGATACCGGCGG 
Supporting Table S1. Primers used for RT-qPCR 
 
 
Genome walk Primer Name Sequence 
Nc 1st walk 
NcHMA4rev1 CGTCGAAGTAACTCTTCTGCC 
NcHMA4rev2 CTCTTCTGCCACTTCTTCTTTGTC 
Lc 2nd walk 
Lcprom.Rev1 GCAAAACTTTTATGCTGGGATGC 
Lcprom.Rev2 CCGGATAAGCAGGGCCGGGTC 
Lc 3rd walk 
Lcprom.Rev3 GGCTGGAGGAAATTGCATCGCATGAG 
Lcprom.Rev4 GGTGTTTTGATAGGGTTAACATGG 
Lc 4th walk 
Lcprom.Rev5 GCATACACAAACACTTATTCAAGG 
Lcprom.Rev6 GTGGAGATGAATAAAGTGGAGAAAG 
Ga 2nd walk 
Gaprom.Rev1 CCAAATAAGCAGGGCCGGGTC 
Gaprom.Rev2 GTGGCAATACCGAAAATATATGTG 
Ga 3rd walk 
Gaprom.Rev3 CCTCCACAGTAATCCTCACGC 
Gaprom.Rev4 CAGTATTCGATAGAGAGAGAAGGC 
Ga 4th walk 
Gaprom.Rev5 GGTGTTTTGATAGGGTTAACATGG 
Gaprom.Rev6 CTATCCAAGATATTTTGTTCACAAAC 
CMA 2nd walk 
CMAprom.Rev1 CCAAATAAGCAGGGCCGGGTC 
CMAprom.Rev2 GTGGCAATACCGAAAATATATGTG 
CMA 3rd walk 
CMAprom.Rev3 CAGTATTCGATAGAGAGAGAAGGC 
CMAprom.Rev4 GGCTGGAGGAAATTGCATCGCATGAG 
CMA 4th walk 
CMAprom.Rev5 GGTGTTTTGATAGGGTTAACATGG 
CMAprom.Rev6 CTATCCAAGATATTTTGTTCACAAAC 
     Supporting Table S2. Primers used for genome walking 
 
 
Sequence Name GenBank 
accession number 
Sequence Name GenBank 
accession number 
La Calamine ACT-2 JQ435780 Ganges HMA4-1 JQ904706 
Ganges ACT-2 JQ435781 Ganges HMA4-2 JQ904707 
Col du Mas de l'Ayre ACT-2 JQ435782 Ganges HMA4-4 JQ904708 
La Calamine HMA4-1 JQ904704 Col du Mas de l'Aire HMA4-1 JQ904709 
La Calamine HMA4-2 JQ904705 Col du Mas de l'Aire HMA4-2 JQ904710 
Supporting Table S3. Sequences submitted to GeneBank with their accession numbers 
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  Amino acid   
AtHMA4   71 72 71 71 72 72 76 71 72 76 76 86 86 85 
LCHMA4-1 80 
 
98 94 94 97 97 94 95 97 94 94 75 75 75 
LCHMA4-2 80 99 
 
94 94 98 97 94 95 97 94 94 75 74 74 
GaHMA4-1 80 97 97 
 
98 94 94 97 97 94 95 96 73 73 73 
GaHMA4-2 81 97 97 99 
 
95 96 97 97 95 96 96 74 74 74 
GaHMA4-3 81 98 98 97 97 
 
99 94 95 99 94 94 75 74 74 
CMAHMA4-1 81 98 98 97 98 99 
 
94 95 99 95 94 75 74 74 
CMAHMA4-2 85 97 97 98 98 96 96 
 
99 94 98 98 79 78 79 
SLMHMA4-1 81 97 97 99 98 97 97 99 
 
95 97 98 74 74 74 
SLMHMA4-2 81 98 98 97 97 99 99 96 97 
 
94 94 75 74 75 
SLMHMA4-3 85 97 96 98 97 96 97 98 98 96 
 
99 78 78 78 
SLMHMA4-4 85 97 97 98 98 96 96 99 99 96 99 
 
78 78 78 
AhHMA4-1 89 82 82 82 81 81 81 85 82 81 85 85 
 
98 98 
AhHMA4-2 89 81 82 82 81 81 81 85 82 81 85 85 99 
 
98 
AhHMA4-3 89 82 82 82 81 81 81 85 82 81 85 85 99 99   
 
  Coding sequence   
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  Promoter sequences   
AtHMA4   36 36 38 39 38 36 36 37 37 37 39 36 52 37 38 
LCHMA4-1   
 
85 78 61 61 69 65 58 70 86 56 69 39 42 41 
LCHMA4-2   
  
92 51 51 69 65 58 60 75 52 60 39 40 40 
LCHMA4-3   
   
45 45 72 71 64 61 69 58 61 41 40 41 
GaHMA4-1   
    
96 47 43 36 52 73 41 52 38 38 39 
GaHMA4-2   
     
47 43 36 52 73 42 52 38 38 38 
GaHMA4-3   
      
94 86 82 67 58 82 41 43 40 
CMAHMA4-1   
       
88 78 63 57 77 42 40 40 
CMAHMA4-2   
        
70 56 54 70 41 38 38 
SLMHMA4-1   
         
70 59 98 40 40 40 
SLMHMA4-2   
          
51 69 40 41 40 
SLMHMA4-3   
           
59 41 41 42 
SLMHMA4-4   
            
40 40 39 
AhHMA4-1   
             
48 47 
AhHMA4-2                  81 
Supporting Table S4. The percentage identity of the AtHMA4, AhHMA4 and NcHMA4; (a) amino acid and 
nucleotide basis and (b) promoters sequences at the nucleotide level. Comparisons of promoter sequences are 
based on the first 2,000 bp upstream of the translational start codon of HMA4. 
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SUPPORTING FIGURES 
 
Supporting Fig. S1. The evolutionary history was inferred using the Neighbor-Joining method. The optimal 
tree with the sum of branch length = 0.29161241 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree 
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood 
method and are in the units of the number of base substitutions per site. All positions containing gaps and 
missing data were eliminated from the dataset (Complete deletion option). There were a total of 3018 positions 
in the final dataset. Phylogenetic analyses were conducted in MEGA4. LC = La Calamine, SLM = Saint Laurent 
Le Minier, Ga = Ganges, Ah = Arabidopsis halleri, CMA = Col du Mas de l’Ayre, At = Arabidopsis thaliana 
 
Supporting Fig. S2. The evolutionary history was inferred using the Neighbor-Joining method. The optimal 
tree with the sum of branch length = 6.70605672 is shown. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree 
is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood 
method and are in the units of the number of base substitutions per site. All positions containing gaps and 
missing data were eliminated from the dataset (Complete deletion option). There were a total of 706 positions in 
the final dataset. Phylogenetic analyses were conducted in MEGA4. This tree was made using 2,000 bp 
upstream of the translational start codon of HMA4. The sequence accession numbers are AhHMA4p1 and p2: 
EU382073; AhHMA4p3: EU382072.  
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SUPPORTING METHODS 
 
Making Constructs 
To make the constructs for plant transformation, the following primers were used; 
AtHMA4 promoter, 5’-CACCCAAAACCACTATAGCCTCTTCCTC- 3’ and 5’-TAACGCCATTTTCGGA-
GAAGAGAGGAGAGC-3’ for Topo cloning; 
LCHMA4 promoters, 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCAAGAAGG ACATTGTAA-
CTA- 3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT AACGTCGAAGTAACTCTTCTG- 3’; 
GaHMA4 promoter 3, 5’ -GGGGACAAGTTTGTACAAAAAAGCAGGCT TGCCTTGAATAAGTGTTT-
GTG- 3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT AACGTCGAAGTAACTCTTCTG- 3’; 
GaHMA4 promoter 1 and 2, 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT GCGAGGATCATGTGTC-
TAAAC-3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT AACGTCGAAGTAACTCTTCTG- 3’; 
CMAHMA4 promoter 1 and 2, 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT CTCCCTCAACAAAGT-
GATATC-3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT AACGTCGAAGTAACTCTTCTG- 3’; 
 
The constructs below have been generated in two steps; (i) The promoter and HMA4 cDNA were amplified 
separately. Amplified products were loaded on the gel, then fragments of the right length were cut and purified 
from the gel. (ii) The purified gel fragments were mixed in optimum concentration and PCR was done using 
everything except primers. After 10 cycles primers were added to get the fused (promoter + cDNA) products. 
All the PCR were done using Phusion
®
 High Fidelity DNA Polymerase (Finnzymes) and attB sites of the 
primers are underlined. 
 
AtHMA4p::LCHMA4 cDNAs, 5’ -GGGGACAAGTTTGTACAAAAAAGCAGGCT CACCGCCGGCTCCA-
TACTTGC- 3’ and 5’ -TCTGTAACGCCATTTTCGGAGAAGAGAGGAG- 3’ to amplify AtHMA4p with 
overhang at 3’ corresponding to LCHMA4 cDNAs and 5’- CTCTTCTCCGAAAATGGCGTTACAGAAGGAG- 
3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT TTGAAGACGGAAAGGTTATGC- 3’ to amplify 
LCHMA4 with overhang at 5’ corresponding to AtHMA4p; 
LCHMA4p::AtHMA4 cDNA, 5’ -GGGGACAAGTTTGTACAAAAAAGCAGGCT GCAAGAAGGACATTG-
TAACTA- 3’ and 5’-TTTGTTTTGTAACGCCATTTCTGTATC- 3’ to amplify LCHMA4p with overhang at 3’ 
corresponding to AtHMA4 cDNA, 5’-CTTTGATACAGAAATGGCGTTACAAAAC- 3’ and 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGT CGGCATTCACGGAATGAGAC- 3’ to amplify AtHMA4 
cDNAwith overhang at 5’ corresponding to LCHMA4p. 
GaHMA4p3::AtHMA4 cDNA, 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT TGCCTTGAATAAGTG-
TTTGTG- 3’ and 5’-TTTGTTTTGTAACGCCATTTCTGTATC- 3’ to amplify GaHMA4p3 with overhang at 3’ 
corresponding to AtHMA4 cDNA, 5’-ATTTTGATACAGAAATGGCGTTACAAAAC- 3’ and 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGT CGGCATTCACGGAATGAGAC- 3’ to amplify AtHMA4 
cDNAwith overhang at 5’ corresponding to GaHMA4p3. 
CMAHMA4p1::AtHMA4 cDNA, 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT CTCCCTCAACAAA-
GTGATATC-3’ and 5’-TTTGTTTTGTAACGCCATTTCTGTATC- 3’ to amplify CMAHMA4p1 with 
overhang at 3’ corresponding to AtHMA4 cDNA, 5’ -ATTTTGATACAGAAATGGCGTTACAAAAC- 3’ and 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGT CGGCATTCACGGAATGAGAC- 3’ to amplify AtHMA4 
cDNAwith overhang at 5’ corresponding to CMAHMA4p1. 
 
SUPPORTING ALIGNMENTS 
 
 
AtHMA4         ATGGCGTTACAAAA------------CAAAGAAGAAGAGAAAAAGAAAGTGAAGAAGTTG 
LCHMA4-1       ATGGCGTTACAGAAGGAGATCAAGAACAAAGAAGAAGATAAAAAGACAAAGAAGAAGTGG 
LCHMA4-2       ATGGCGTTACAGAAGGAGATCAAGAACAAAGAAGAAGATAAAAAGACAAAGAAGAAGTGG 
GaHMA4-1       ATGGCGTTACAGAAGGAGATCAAGAACAAAGAAGAAAATAAAATGACAAAGAAGAAGTGG 
GaHMA4-2       ATGGCGTTACAGAAGGAGGACAAGAACAAAGAAGAAAATAAAATGACAAAGAAGACGTGG 
GaHMA4-3       ATGGCGTCACAGAAGGAGATCAAGAACAAAGAAGAAGATAAAAAGACAAAGAAGAAGTGG 
CMAHMA4-1      ATGGCGTCACAGAAGGAGATCAAGAACAAAGAAGAAGATAAAAAGACAAAGAAGAAGTGG 
CMAHMA4-2      ATGGCGACACAGAAGGAGGACAAGAACAAAGAAGAAAATAAAATGACAAAGAAGAAGTGG 
SLMHMA4-1      ATGGCGTTACAGAAGGAGGACAAGAACAAAGAAGAAAATAAAATGACAAAGAAGAAGTGG 
SLMHMA4-2      ATGGCGTTACAGAAGGAGATCAAGAACAAAGAAGAAGATAAAAAGACAAAGAAGAAGTGG 
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SLMHMA4-3      ATGGCGTTACAGAAGGAGGACAAGAACAAAGAAGAAAATAAAATGACAAAGAAGAAGTGG 
SLMHMA4-4      ATGGCGTTACAGAAGGAGGACAAGAACAAAGAAGAAAATAAAATGACAAAGAAGAAGTGG 
AhHMA4-1       ATGGCGTCACAAAA------------CAAAGAAGAAGAGAAAAAGAAAGTGAAGAAGTTG 
AhHMA4-2       ATGGCGTCACAAAA------------CAAAGAAGAAGAGAAAAAGAAAGTGAAGAAGTTG 
AhHMA4-3       ATGGCGTCACAAAA------------CAAAGAAGAAGAGAAAAAGAAAGTGAAGAAGTTG 
 
AtHMA4         CAAAAGAGTTACTTCGATGTTCTCGGAATCTGTTGTACATCGGAAGTTCCTATAATCGAG 
LCHMA4-1       CAGAAGAGTTACTTCGACGTTTTGGGAATCTGTTGTACATCGGAGATTCCTCTGATCGAG 
LCHMA4-2       CAGAAGAGTTACTTCGACGTTTTGGGAATCTGTTGTACATCGGAGATTCCTCTGATCGAG 
GaHMA4-1       CAGAAGAGTTACTTCGACGTTTTGGGACTTTGTTGTACATCGGAGATTCCTCTGATCGAG 
GaHMA4-2       CAGAAGAGTTACTTCGACGTTTTGGGACTTTGTTGTACATCGGAGATTCCTCTGATCGAG 
GaHMA4-3       CAGAAGAGTTACTTCGACGTTTTGGGAATCTGTTGTACATCGGAGATTCCTGTGATCGAG 
CMAHMA4-1      CAGAAGAGTTACTTCGACGTTTTGGGAATCTGTTGTACATCGGAGATTCCTGTGATCGAG 
CMAHMA4-2      CAGAAGAGTTACTTCGACGTTTTAGGAATCTGTTGTACATCGGAGATTCCTCTGATCGAG 
SLMHMA4-1      CAGAAGAGTTACTTCGACGTTTTAGGAATCTGTTGTACATCGGAGATTCCTCTGATCGAG 
SLMHMA4-2      CAGAAGAGTTACTTCGACGTTTTGGGAATCTGTTGTACATCGGAGATTCCTGTGATCGAG 
SLMHMA4-3      CAGAAGAGTTACTTCGACGTTTTAGGAATCTGTTGTACATCGGAGATTCCTCTGATCGAG 
SLMHMA4-4      CAGAAGAGTTACTTCGACGTTTTAGGAATCTGTTGTACATCGGAGATTCCTCTGATCGAG 
AhHMA4-1       CAAAAGAGTTACTTCGATGTTCTCGGAATCTGTTGTACATCGGAAGTTCCTATCATCGAG 
AhHMA4-2       CAAAAGAGTTACTTCGATGTTCTCGGAATCTGTTGTACATCGGAAGTTCCTATCATCGAG 
AhHMA4-3       CAAAAGAGTTACTTCGATGTTCTCGGAATCTGTTGTACATCGGAAGTTCCTATCATCGAG 
 
AtHMA4         AATATTCTCAAGTCACTTGACGGCGTTAAAGAATATTCCGTCATCGTTCCCTCGAGAACC 
LCHMA4-1       AATATTCTCAAGTCTCTCGACGGCGTTAAGGAATATACCGTCATCGTTCCGTCGAGAACC 
LCHMA4-2       AATATTCTCAAGTCTCTCGACGGCGTTAAGGAATATACCGTCATCGTTCCGTCGAGAACC 
GaHMA4-1       AATATTCTCAAGTCTCTCGACGGCATTAAGGACTATACCATCATCGTTCCGTCGAGAACC 
GaHMA4-2       AATATTCTCAAGTCTCTCGACGGCATTAAGGACTATACCATCATCGTTCCGTCGAGAACC 
GaHMA4-3       AATATTCTCAAGTCTCTCGACGGCGTTAAGGAATATACCGTCATCGTTCCGTCGAGAACC 
CMAHMA4-1      AATATTCTCAAGTCTCTCGACGGCGTTAAGGAATATACCGTCATCGTTCCGTCGAGAACC 
CMAHMA4-2      AATATTCTCAAGTCTCTCGACGGCATTAAGGACTATACCATCATCGTTCCGTCGAGAACC 
SLMHMA4-1      AATATTCTCAAGTCTCTCGACGGCATTAAGGACTATACCATCATCGTTCCGTCGAGAACC 
SLMHMA4-2      AATATTCTCAAGTCTCTCGACGGCGTTAAGGAATATACCGTCATCGTTCCGTCGAGAACC 
SLMHMA4-3      AATATTCTCAAGTCTCTCGACGGCATTAAGGACTATACCATCATCGTTCCGTCGAGAACC 
SLMHMA4-4      AATATTCTCAAGTCTCTCGACGGCATTAAGGACTATACCATCATCGTTCCGTCGAGAACC 
AhHMA4-1       AATATTCTCAAGTCACTTGACGGCGTTAAAGAATATTCCGTCATCGTTCCCTCGAGAACC 
AhHMA4-2       AATATTCTCAAGTCACTTGACGGCGTTAAAGAATATTCCGTCATCGTTCCCTCGAGAACC 
AhHMA4-3       AATATTCTCAAGTCACTTGACGGCGTTAAAGAATATTCCGTCATCGTTCCCTCGAGAACC 
 
AtHMA4         GTGATTGTTGTTCACGACAGTCTCCTCATCTCTCCCTTCCAAATTGCTAAGGCACTAAAC 
LCHMA4-1       GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
LCHMA4-2       GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
GaHMA4-1       GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
GaHMA4-2       GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
GaHMA4-3       GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
CMAHMA4-1      GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
CMAHMA4-2      GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
SLMHMA4-1      GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
SLMHMA4-2      GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCCAAGGCACTGAAC 
SLMHMA4-3      GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
SLMHMA4-4      GTGATCGTTGTCCACGACAGTCTCCTCATCTCCCCGTTCCAAATTGCTAAGGCACTGAAC 
AhHMA4-1       GTGATCGTTGTTCACGACAGTCTCCTCATCTCTCCCTTCCAGATTGCTAAGGCATTGAAC 
AhHMA4-2       GTGATCGTTGTTCACGACAGCCTCCTCATCTCTCCCTTCCAAATTGCTAAGGCATTGAAC 
AhHMA4-3       GTGATCGTTGTTCACGACAGCCTCCTCATCTCTCCCTTCCAAATTGCTAAGGCATTGAAC 
 
AtHMA4         GAAGCTAGGTTAGAAGCAAACGTGAGGGTAAACGGAGAAACTAGCTTCAAGAACAAATGG 
LCHMA4-1       CAAGCGAGGTTAGAAGCAAACGTGAAAGTAAACGGAGAAACCAGCTTCAAGAATAAATGG 
LCHMA4-2       CAAGCGAGGTTAGAAGCAAACGTGAAAGTAAACGGAGAAACCAGCTTCAAGAATAAATGG 
GaHMA4-1       CAAGCGAGGTTAGAAGCAAACGTGAAAGTAGACGGAGAAACCAGCTTCAAGAATAAATTG 
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GaHMA4-2       CAAGCGAGGTTAGAAGCAAACGTGAAAGTAGACGGAGAAACCAGCTTCAAGAATAAATTG 
GaHMA4-3       CAAGCGAGGTTAGAAGCAAACGTGAAAGTAAACGGAGAAACCAGCTTCAAGAATAAATGG 
CMAHMA4-1      CAAGCGAGGTTAGAAGCAAACGTGAAAGTAAACGGAGAAACCAGCTTCAAGAATAAATGG 
CMAHMA4-2      CAAGCGAGGTTAGAAGCAAACGTGAAAGTAGACGGAGAAACCAGCTTCAAGAATAAATTG 
SLMHMA4-1      CAAGCGAGGTTAGAAGCAAACGTGAAAGTAGACGGAGAAACCAGCTTCAAGAATAAATTG 
SLMHMA4-2      CAAGCGAGGTTAGAAGCAAACGTGAAAGTAAACGGAGAAACCAGCTTCAAGAATAAATGG 
SLMHMA4-3      CAAGCGAGGTTAGAAGCAAACGTGAAAGTAGACGGAGAAACCAGCTTCAAGAATAAATTG 
SLMHMA4-4      CAAGCGAGGTTAGAAGCAAACGTGAAAGTAGACGGAGAAACCAGCTTCAAGAATAAATTG 
AhHMA4-1       CAAGCTAGGTTAGAAGCAAACGTGAGAGTAAACGGAGAAACCAACTTCAAGAACAAATGG 
AhHMA4-2       CAAGCTAGGTTAGAAGCAAACGTGAGAGTAAACGGAGAAACCAACTTCAAGAACAAATGG 
AhHMA4-3       CAAGCTAGGTTAGAAGCAAACGTGAGAGTAAACGGAGAAACAAACTTCAAGAACAAATGG 
 
AtHMA4         CCGAGCCCTTTCGCCGTAGTTTCCGGCTTACTTCTCCTCCTATCCTTCCTAAAGTTTGTC  
LCHMA4-1       CCGAGCCCTTTCGCGGTGGTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
LCHMA4-2       CCGAGCCCTTTCGCGGTGGTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
GaHMA4-1       CCAAGCCCTTTCGCGGTGTTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
GaHMA4-2       CCAAGCCCTTTCGCGGTGTTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
GaHMA4-3       CCAAGCCCTTTCGCGGTGGTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
CMAHMA4-1      CCAAGCCCTTTCGCGGTGGTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
CMAHMA4-2      CCAAGCCCTTTCGCGGTGTTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
SLMHMA4-1      CCAAGCCCTTTCGCGGTGTTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
SLMHMA4-2      CCAAGCCCTTTCGCGGTGGTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
SLMHMA4-3      CCAAGCCCTTTCGCGGTGTTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
SLMHMA4-4      CCAAGCCCTTTCGCGGTGTTTTCCGGCATATTCCTCCTCCTCTCCTTCTTAAAATTTGTA  
AhHMA4-1       CCAAGCCCTTTCGCTGTGGTTTCTGGCTTACTTCTCCTCCTCTCCTTCTTAAAGTTTGTC  
AhHMA4-2       CCAAGCCCTTTCGCGGTGGTTTCCGGCATACTTCTCCTCCTCTCCTTCTTAAAGTTTGTC  
AhHMA4-3       CCAAGCCCTTTCGCTGTGGTTTCCGGCATACTTCTCCTCCTCTCCTTCTTAAAGTTTGTC  
 
AtHMA4         TACTCGCCTTTACGTTGGCTCGCCGTGGCAGCAGTTGCCGCCGGTATCTATCCGATTCTT 
LCHMA4-1       TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTGCTGGTATTTATCCGATTCTT 
LCHMA4-2       TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTGCTGGTATTTATCCGATTCTT 
GaHMA4-1       TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTACTGGTATTTATCCGATTCTT 
GaHMA4-2       TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTACTGGTATTTATCCGATTCTT 
GaHMA4-3       TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTGCTGGTATTTATCCGATTCTT 
CMAHMA4-1      TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTGCTGGTATTTATCCGATTCTT 
CMAHMA4-2      TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTACTGGTATTTATCCGATTCTT 
SLMHMA4-1      TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTACTGGTATTTATCCGATTCTT 
SLMHMA4-2      TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTGCTGGTATTTATCCGATTCTT 
SLMHMA4-3      TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTACTGGTATTTATCCGATTCTT 
SLMHMA4-4      TACCCACCTCTTCGATGGCTAGCTGTCGTGGGCGTCGCTACTGGTATTTATCCGATTCTT 
AhHMA4-1       TACTCGCCTTTACGTTGGCTCGCGGTCGCAGCAGTTGCCGCCGGTATATATCCGATACTT 
AhHMA4-2       TACTCGCCTTTACGCTGGGTTGCAGTCGCAGCAGTTGCCGCCGGTATATATCCGATACTT 
AhHMA4-3       TACCCGCCTTTACGCTGGCTTGCAGTCGTAGCAGTTGCCGCCGGTATATATCCGATACTT 
 
AtHMA4         GCCAAAGCCTTTGCTTCCATTAAAAGGCCTAGGATCGACATCAACATATTGGTCATAATA  
LCHMA4-1       GCAAAAGCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAATCATTATC  
LCHMA4-2       GCAAAAGCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAATCATTATC  
GaHMA4-1       GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAGTCATTATC  
GaHMA4-2       GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAGTCATTATC  
GaHMA4-3       GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAATCATTATC  
CMAHMA4-1      GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAATCATTATC  
CMAHMA4-2      GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAGTCATTATC  
SLMHMA4-1      GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAGTCATTATC  
SLMHMA4-2      GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAATCATTATC  
SLMHMA4-3      GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAGTCATTATC  
SLMHMA4-4      GCAAAATCCGTCGCTTCTATAAGAAGGCTTAGGGTCGACATCAACATCCTAGTCATTATC  
AhHMA4-1       GCCAAAGCCTTTGCTTCCATTAGAAGGCCTAGGATCGACATCAACATATTGGTCATTATA  
AhHMA4-2       GCCAAAGCCTTTGCTTCCATTAGAAGGCTTAGGCTCGACATCAACATATTGGTCATTATA  
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AhHMA4-3       GCCAAAGCCTTTGCTTCCATTAGAAGGCTTAGGCTCGACATCAACATATTGGTCATTATA  
AtHMA4         ACCGTGATTGCAACACTTGCAATGCAAGATTTCATGGAGGCAGCAGCAGTTGTGTTCCTA  
LCHMA4-1       ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
LCHMA4-2       ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
GaHMA4-1       ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
GaHMA4-2       ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
GaHMA4-3       ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
CMAHMA4-1      ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
CMAHMA4-2      ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
SLMHMA4-1      ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
SLMHMA4-2      ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
SLMHMA4-3      ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
SLMHMA4-4      ACAGTGGCTGCAACACTTGCAATGCAAGATTACATGGAGGCTGCAGCAGTTGTCTTCTTA  
AhHMA4-1       ACCGTGATAGCAACACTTGCAATGCAAGATTTCATGGAGGCTGCAGCAGTTGTGTTCTTG  
AhHMA4-2       ACCGTGATAGCAACACTTGCAATGCAAGATTTCATGGAGGCTGCAGCAGTTGTGTTCTTG  
AhHMA4-3       ACCGTGATAGCAACACTTGCAATGCAAGATTTCATGGAGGCTGCAGCAGTTGTGTTCTTG  
 
AtHMA4         TTCACCATATCCGACTGGCTCGAAACAAGAGCTAGCTACAAGGCGACCTCGGTAATGCAG 
LCHMA4-1       TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCCAACTCGGTGATGCAG 
LCHMA4-2       TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCCAACTCGGTGATGCAG 
GaHMA4-1       TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCGAGCTCGGTGATGCAG 
GaHMA4-2       TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCGAGCTCGGTGATGCAG 
GaHMA4-3       TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCCAACTCGGTGATGCAG 
CMAHMA4-1      TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCCAACTCGGTGATGCAG 
CMAHMA4-2      TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCGAGCTCGGTGATGCAG 
SLMHMA4-1      TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCGAGCTCGGTGATGCAG 
SLMHMA4-2      TTCACCATCGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCCAACTCGGTGATGCAG 
SLMHMA4-3      TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCGAGCTCGGTGATGCAG 
SLMHMA4-4      TTCACCATAGCTGACTGGCTGGAAACAAGAGCTAGCTACAAGGCGAGCTCGGTGATGCAG 
AhHMA4-1       TTCACCATAGCCGACTGGCTTGAAACAAGAGCTAGCTACAGGGCGACAGCAGTAATGCAG 
AhHMA4-2       TTCACCATAGCCGACTGGCTTGAAACAAGAGCTAGCTACAGGGCGACAGCAGTAATGCAG 
AhHMA4-3       TTCACCATAGCCGACTGGCTTGAAACAAGAGCTAGCTACAGGGCGACAGCAGTAATGCAG 
 
AtHMA4         TCTCTGATGAGCTTAGCTCCACAAAAGGCTATAATAGCAGAGACTGGTGAAGAAGTTGAA 
LCHMA4-1       TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
LCHMA4-2       TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
GaHMA4-1       TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
GaHMA4-2       TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
GaHMA4-3       TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
CMAHMA4-1      TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
CMAHMA4-2      TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
SLMHMA4-1      TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
SLMHMA4-2      TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
SLMHMA4-3      TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
SLMHMA4-4      TCTCTGATGAGCTTAGCTCCACAAAAGGCAGTCATAGCAGAGACTGGAGAAGAAGTTGAA 
AhHMA4-1       TCTCTGATGAGCTTAGCTCCACAGAAGGCAATAATAGCAGAGACTGGTGAAGAAGTTGAA 
AhHMA4-2       TCTCTGATGAGCTTAGCTCCACAGAAGGCAATAATAGCAGAGACTGGTGAAGAAGTTGAA 
AhHMA4-3       TCTCTGATGAGCTTAGCTCCACAGAAGGCAATAATAGCAGAGACTGGTGAAGAAGTTGAA 
 
AtHMA4         GTAGATGAGGTTAAGGTTGATACAGTTGTAGCAGTTAAAGCTGGTGAAACCATACCAATT 
LCHMA4-1       GTAGATGAGGTTCAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
LCHMA4-2       GTAGATGAGGTTCAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
GaHMA4-1       GTAGATGAGGTTGAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
GaHMA4-2       GTAGATGAGGTTGAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
GaHMA4-3       GTAGATGAGGTTCAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
CMAHMA4-1      GTAGATGAGGTTCAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
CMAHMA4-2      GTAGATGAGGTTGAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
SLMHMA4-1      GTAGATGAGGTTGAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
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SLMHMA4-2      GTAGATGAGGTTCAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
SLMHMA4-3      GTAGATGAGGTTGAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
SLMHMA4-4      GTAGATGAGGTTGAGCTCAACACAATCATAGCAGTTAAAGCCGGTGAAACCATACCTATT 
AhHMA4-1       GTAGATGAGGTTAAGGTTAGCACAGTTGTAGCGGTTAAAGCTGGTGAAACCATTCCAATT 
AhHMA4-2       GTAGATGAGGTTAAGGTTAGCACAGTTGTAGCGGTTAAAGCTGGTGAAACCATTCCAATT 
AhHMA4-3       GTAGATGAGGTTAAGGTTAGCACAGTTGTAGCGGTTAAAGCTGGTGAAACCATTCCAATT 
 
AtHMA4         GATGGAATTGTGGTGGATGGAAACTGTGAGGTAGACGAGAAAACCTTAACGGGCGAAGCA 
LCHMA4-1       GATGGAATTGTGGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACCGGTGAAGCA 
LCHMA4-2       GATGGAATTGTGGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACCGGTGAAGCA 
GaHMA4-1       GATGGAATTGTAGTCGATGGGAACTGTGAAGTAGACGAGAAAACCTTAACTGGTGAAGCA 
GaHMA4-2       GATGGAATTGTAGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACTGGTGAAGCA 
GaHMA4-3       GATGGAATTGTAGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACCGGTGAAGCA 
CMAHMA4-1      GATGGAATTGTAGTCGATGGGAACTGTGAAGTAGACGAGAAAACCTTAACCGGTGAAGCA 
CMAHMA4-2      GATGGAATTGTAGTCGATGGGAACTGTGAAGTAGACGAGAAAACCTTAACTGGTGAAGCA 
SLMHMA4-1      GATGGAATTGTAGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACTGGTGAAGCA 
SLMHMA4-2      GATGGAATTGTAGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACCGGTGAAGCA 
SLMHMA4-3      GATGGAATTGTAGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACTGGTGAAGCA 
SLMHMA4-4      GATGGAATTGTAGTCGATGGAAACTGTGAAGTAGACGAGAAAACCTTAACTGGTGAAGCA 
AhHMA4-1       GATGGAATTGTGGTGGATGGTAACTGTGAAGTAGACGAGAAAACCTTAACGGGCGAAGCA 
AhHMA4-2       GATGGAATTGTGGTGGATGGTAACTGTGAAGTAGACGAGAAAACCTTAACGGGCGAAGCA 
AhHMA4-3       GATGGAATTGTGGTGGATGGTAACTGTGAAGTAGACGAGAAAACCTTAACGGGCGAAGCA 
 
AtHMA4         TTTCCTGTGCCTAAACAGAGAGATTCTACCGTTTGGGCTGGAACCATTAATCTAAATGGT 
LCHMA4-1       TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTTGGCTGGAACTATGAATCTAAATGGT 
LCHMA4-2       TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTTGGCTGGAACTATGAATCTAAATGGT 
GaHMA4-1       TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTGGGCTGGAACTATTAATCTAAATGGT 
GaHMA4-2       TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTGGGCTGGAACTATTAATCTAAATGGT 
GaHMA4-3       TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTTGGCTGGAACTATGAATCTAAATGGT 
CMAHMA4-1      TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTTGGCTGGAACTATGAATCTAAATGGT 
CMAHMA4-2      TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTGGGCTGGAACTATTAATCTAAATGGT 
SLMHMA4-1      TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTGGGCTGGAACTATTAATCTAAATGGT 
SLMHMA4-2      TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTTGGCTGGAACTATTAATCTAAATGGT 
SLMHMA4-3      TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTGGGCTGGAACTATTAATCTAAATGGT 
SLMHMA4-4      TTTCCTGTGCCTAAACAGAGAGATTCTACGGTTTGGGCTGGAACTATTAATCTAAATGGT 
AhHMA4-1       TTTCCTGTGCCGAAACAGAAAGATTCTTCGGTTTGGGCTGGAACCATCAATCTAAATGGT 
AhHMA4-2       TTTCCTGTGCCGAAACAGAAAGATTCTTCGGTTTGGGCTGGAACCATCAACCTAAATGGT 
AhHMA4-3       TTTCCTGTGCCGAAACAGAAAGATTCTTCGGTTTGGGCTGGAACCATCAATCTAAATGGT 
 
AtHMA4         TACATATGTGTGAAAACAACTTCTTTAGCGGGTGATTGTGTGGTTGCGAAAATGGCTAAG 
LCHMA4-1       TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGCGTGGTTGCAAAGATGGCTAAG 
LCHMA4-2       TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGCGTGGTTGCAAAGATGGCTAAG 
GaHMA4-1       TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
GaHMA4-2       TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
GaHMA4-3       TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
CMAHMA4-1      TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
CMAHMA4-2      TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
SLMHMA4-1      TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
SLMHMA4-2      TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
SLMHMA4-3      TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
SLMHMA4-4      TATATAAGTGTGAACACAACTGCTTTAGCTAGTGATTGTGTGGTTGCAAAGATGGCTAAG 
AhHMA4-1       TACATAAGTGTGAAAACAACTTCTTTAGCGGGTGATTGCGTGGTTGCGAAGATGGCTAAG 
AhHMA4-2       TACATAAGTGTGAAAACAACTTCTTTAGCGGGTGATTGCGTGGTTGCGAAGATGGCTAAG 
AhHMA4-3       TACATAAGTGTGAAAACAACTTCTTTAGCGGGTGATTGCGTGGTTGCGAAGATGGCTAAG 
 
AtHMA4         CTAGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATGTTCT 
LCHMA4-1       CTCGTAGAAGAAGCTCAGGGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATGTTCT 
LCHMA4-2       CTCGTAGAAGAAGCTCAGGGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATGTTCT 
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GaHMA4-1       CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATATTCT 
GaHMA4-2       CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATATTCT 
GaHMA4-3       CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATGTTCT 
CMAHMA4-1      CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATGTTCT 
CMAHMA4-2      CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATATTCT 
SLMHMA4-1      CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATATTCT 
SLMHMA4-2      CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATGTTCT 
SLMHMA4-3      CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATATTCT 
SLMHMA4-4      CTCGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCTCAGAGACTAATAGACAAATATTCT 
AhHMA4-1       CTAGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCCCAAAGACTAATAGACAAATGTTCT 
AhHMA4-2       CTAGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCCCAAAGACTAATAGACAAATGTTCT 
AhHMA4-3       CTAGTAGAAGAAGCTCAGAGCAGTAAAACCAAATCCCAAAGACTAATAGACAAATGTTCT 
 
AtHMA4         CAGTACTATACTCCAGCAATCATCTTAGTATCAGCTTGCGTTGCCATTGTCCCGGTTATA  
LCHMA4-1       CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGGCTATA  
LCHMA4-2       CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGGCTATA  
GaHMA4-1       CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGCTTATA  
GaHMA4-2       CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGCTTATA  
GaHMA4-3       CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGGCTATA  
CMAHMA4-1      CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGGCTATA  
CMAHMA4-2      CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGCTTATA  
SLMHMA4-1      CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCAATTGTCCCGGCTATA  
SLMHMA4-2      CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCGATTGTCCCGGCTATA  
SLMHMA4-3      CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCAATTGTCCCGGCTATA  
SLMHMA4-4      CAGTACTATACTCCAGCAATCATCATAATATCGGCTGGCTTTGCAATTGTCCCGGCTATA  
AhHMA4-1       CAGTACTATACTCCAGCGATCATCGTAGTATCAGCTTGCGTCGCCATTGTCCCGGTTATT  
AhHMA4-2       CAGTACTATACTCCAGCGATCATCGTAGTATCAGCTTGCGTCGCCATTGTCCCGGTTATT  
AhHMA4-3       CAGTACTATACTCCAGCGATCATCGTAGTATCAGCTTGCGTCGCCATTGTCCCGGTTATT  
 
AtHMA4         ATGAAGGTCCACAACCTTAAACATTGGTTCCACCTAGCATTAGTTGTGTTAGTCAGTGGT  
LCHMA4-1       ATGAAAGTTCACAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
LCHMA4-2       ATGAAAGTTCACAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
GaHMA4-1       ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
GaHMA4-2       ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
GaHMA4-3       ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
CMAHMA4-1      ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT 
CMAHMA4-2      ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
SLMHMA4-1      ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
SLMHMA4-2      ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
SLMHMA4-3      ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
SLMHMA4-4      ATGAAAGTTCGCAACCTCAACCATTGGTTTCATTTAGCACTGGTTGTGTTAGTCAGTGCT  
AhHMA4-1       ATGAAGGTCCACAACCTTAAACATTGGTTCCACCTAGCATTAGTTGTGTTAGTCAGTGGC  
AhHMA4-2       ATGAAGGTCCACAACCTTAAACATTGGTTCCACCTAGCATTAGTTGTGTTAGTCAGTGGC 
AhHMA4-3       ATGAAGGTCCACAACCTTAAACATTGGTTCCACCTAGCATTAGTTGTGTTAGTCAGTGGC  
 
AtHMA4         TGTCCCTGTGGTCTTATCCTCTCTACACCAGTTGCTACTTTCTGTGCACTTACTAAAGCG 
LCHMA4-1       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
LCHMA4-2       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
GaHMA4-1       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
GaHMA4-2       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
GaHMA4-3       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
CMAHMA4-1      TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
CMAHMA4-2      TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
SLMHMA4-1      TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
SLMHMA4-2      TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
SLMHMA4-3      TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
SLMHMA4-4      TGTCCCTGTGGTCTTATCCTCTCTACACCAGTAGCTACATTCTGTGCACTTACTAAAGCG 
AhHMA4-1       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTTGCTACTTTCTGTGCACTTACTAAAGCG 
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AhHMA4-2       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTTGCTACTTTCTGTGCACTTACTAAAGCG 
AhHMA4-3       TGTCCCTGTGGTCTTATCCTCTCTACACCAGTTGCTACTTTCTGTGCACTTACTAAAGCG 
 
AtHMA4         GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACACTCTCAAAGATCAAG 
LCHMA4-1       GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAA 
LCHMA4-2       GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAA 
GaHMA4-1       GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
GaHMA4-2       GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
GaHMA4-3       GCAACTTCAGGGCTTCTGATCAAAAGTGCTGACTATCTTGACACTCTTTCAAAGATCAAG 
CMAHMA4-1      GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
CMAHMA4-2      GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
SLMHMA4-1      GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
SLMHMA4-2      GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
SLMHMA4-3      GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
SLMHMA4-4      GCAACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTTTCAAAGATCAAG 
AhHMA4-1       GCTACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTCTCAAAGATCAAA 
AhHMA4-2       GCTACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTCTCAAAGATCAAA 
AhHMA4-3       GCTACTTCAGGGCTTCTGATCAAAAGTGCTGATTATCTTGACACTCTCTCAAAGATCAAA 
 
AtHMA4         ATTGTTGCTTTCGATAAAACTGGGACTATTACAAGAGGAGAGTTCATTGTCATAGATTTC 
LCHMA4-1       ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
LCHMA4-2       ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
GaHMA4-1       ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
GaHMA4-2       ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
GaHMA4-3       ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
CMAHMA4-1      ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
CMAHMA4-2      ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
SLMHMA4-1      ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
SLMHMA4-2      ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
SLMHMA4-3      ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
SLMHMA4-4      ATCGCTGCTTTTGACAAAACCGGAACTATCACTAGAGGAGAGTTCATTGTCATAGAATTC 
AhHMA4-1       ATCGCTGCTTTCGACAAAACCGGGACTATTACCAGAGGAGAGTTCATTGTCATAGATTTC 
AhHMA4-2       ATCGCTGCTTTCGACAAAACCGGGACTATTACCAGAGGAGAGTTCATTGTCATAGATTTC 
AhHMA4-3       ATCGCTGCTTTCGACAAAACCGGGACTATTACCAGAGGAGAGTTCATTGTCATAGATTTC 
 
AtHMA4         AAGTCACTCTCTAGAGATATAAACCTACGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
LCHMA4-1       AAGTCACTCTCTAGAGACATAAGCCTACGCAGCTTGCTTTACTGGGTGTCAAGTGTTGAA 
LCHMA4-2       AAGTCACTCTCTAGAGACATAAGCCTACGCAGCTTGCTTTACTGGGTGTCAAGTGTTGAA 
GaHMA4-1       AAGTCACTCTCTAGAGACATAAGCCTAAGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
GaHMA4-2       AAGTCACTCTCTAGAGACATAAGCCTAAGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
GaHMA4-3       AAGTCACTCTCTAGAGACATAAGCCTACGCAGCTTGCTTTACTGGGTGTCAAGTGTTGAA 
CMAHMA4-1      AAGTCACTCTCTAGAGACATAAGCCTACGCAGCTTGCTTTACTGGGTGTCAAGTGTTGAA 
CMAHMA4-2      AAGTCACTCTCTAGAGACATAAGCCTAAGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
SLMHMA4-1      AAGTCACTCTCTAGAGACATAAGCCTAAGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
SLMHMA4-2      AAGTCACTCTCTAGAGACATAAGCCTACGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
SLMHMA4-3      AAGTCACTCTCTAGAGACATTAGCCTACGCAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
SLMHMA4-4      AAGTCACTCTCTAGAGACATAAGCCTAAGCAGCTTGCTTTACTGG-TATCAAGTGTTGAA 
AhHMA4-1       AAGTCACTCTCTAGAGATATAAGCCTACGTAGCTTGCTTTACTGGGTATCAAGTGTCGAA 
AhHMA4-2       AAGTCACTCTCTAGAGATATAAGCCTACGTAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
AhHMA4-3       AAGTCACTCTCTAGAGATATAACCCTACGTAGCTTGCTTTACTGGGTATCAAGTGTTGAA 
 
AtHMA4         AGCAAATCAAGTCATCCAATGGCAGCAACAATCGTGGATTATGCAAAATCTGTTTCTGTT 
LCHMA4-1       AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
LCHMA4-2       AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
GaHMA4-1       AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
GaHMA4-2       AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
GaHMA4-3       AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
CMAHMA4-1      AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
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CMAHMA4-2      AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
SLMHMA4-1      AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
SLMHMA4-2      AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
SLMHMA4-3      AGCAAATCAAGTCATCCAATGGCAACAACGATCGTGGACTATGCTAAATCTGTTTCTGTT 
SLMHMA4-4      AGCAAATCAAGTCATCCAATGGCAGCAACGATTGTGGACTATGCTAAATCTGTTTCTGTT 
AhHMA4-1       AGCAAATCAAGTCATCCAATGGCTGCAACAATCGTGGACTACGCGAAATCCGTTTCTGTT 
AhHMA4-2       AGCAAATCAAGTCATCCAATGGCTGCAACAATCGTGGACTACGCGAAATCCGTTTCTGTT 
AhHMA4-3       AGCAAATCAAGTCATCCAATGGCTGCAACAATCGTGGACTACGCGAAATCCGTTTCTGTT 
 
AtHMA4         GAGCCTAGGCCTGAAGAGGTTGAGGATTACCAGAACTTTCCAGGTGAAGGAATCTACGGG 
LCHMA4-1       GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
LCHMA4-2       GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
GaHMA4-1       GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
GaHMA4-2       GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
GaHMA4-3       GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
CMAHMA4-1      GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
CMAHMA4-2      GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
SLMHMA4-1      GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
SLMHMA4-2      GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAAAACTTTCCAGGTGAAGGAATCTATGGG 
SLMHMA4-3      GAGCCTAGGAGTGAAGAGGTTGAGGATTATCATAACTTTCCAGGTGAAGGAATCTATGGG 
SLMHMA4-4      GAGCCTAGGAGTGAAGAGGTTGAGGATTATCAGAACTTTCCTGGTGAAGGAATCTATGGG 
AhHMA4-1       GAGCCTAGGCCTGAAGAGGTAGAGGACTACCAGAATTTTCCAGGTGAAGGAATCTACGGG 
AhHMA4-2       GAGCCTAGGCCTGAAGAGGTAGAGGACTACCAGAATTTTCCAGGTGAAGGAATCTACGGG 
AhHMA4-3       GAGCCTAGGCCTGAAGAGGTTGAGGATTACCAGAATTTTCCAGGTGAAGGAATCTACGGG 
 
AtHMA4         AAGATTGATGGTAACGATATCTTCATTGGGAACAAAAAGATAGCTTCTCGAGCTGGTTGT 
LCHMA4-1       AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
LCHMA4-2       AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
GaHMA4-1       AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
GaHMA4-2       AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
GaHMA4-3       AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
CMAHMA4-1      AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
CMAHMA4-2      AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
SLMHMA4-1      AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
SLMHMA4-2      AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
SLMHMA4-3      AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
SLMHMA4-4      AAGATTGATGGGAACAATGTTTACATTGGGAACAAAAGGATTGCTTCACGAGCTGGTTGT 
AhHMA4-1       AAGATTGATGGGAACGATATCTACATCGGGAACAAAAGGATTGCTTCTCGAGCTGGTTGT 
AhHMA4-2       AAGATTGATGGGAACGATATCTACATCGGGAACAAAAGGATTGCTTCTCGAGCTGGTTGT 
AhHMA4-3       AAGATTGATGGGAACGATATCTACATCGGGAACAAAAGGATTGCTTCTCGAGCTGGTTGT 
 
AtHMA4         TCAACAGTTCCAGAGATTGAAGTTGATACCAAAGGCGGGAAGACTGTTGGATACGTCTAT 
LCHMA4-1       TCAACAGTTCCAGAGATTGAGGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
LCHMA4-2       TCAACAGTTCCAGAGATTGAGGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
GaHMA4-1       TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
GaHMA4-2       TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
GaHMA4-3       TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
CMAHMA4-1      TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
CMAHMA4-2      TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
SLMHMA4-1      TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
SLMHMA4-2      TCAACAGTTCCAGAGATTGATGTTGATACCAAAAAAGGAAAGACTGTCGGATACGTCTAT 
SLMHMA4-3      TCAACAGTTCCAGAGATTGATGTTGATACCAAAGAAGGAAAGACTGTCGGATACGTCTAT 
SLMHMA4-4      TCAACAGTTCCAGAGATTGATGTTGATACCAAAGAAGGAAAGACTGTCGGATACGTCTAT 
AhHMA4-1       TCAACAGTTCCAGAGATCGAAGTTGATACAAAAGGTGGAAAGACTGTTGGATACGTCTAT 
AhHMA4-2       TCAACAGTTCCAGAGACTGAAATTGATACCAAAGGTGGGAAGACTGTTGGATACGTCTAT 
AhHMA4-3       TCAACAGTTCCAGAGACTGAAATTGATACCAAAGGTGGGAAGACTGTTGGATACGTCTAT 
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AtHMA4         GTAGGTGAAAGACTAGCTGGATTTTTCAATCTTTCTGATGCTTGTAGATCTGGTGTTTCT 
LCHMA4-1       GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
LCHMA4-2       GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
GaHMA4-1       GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
GaHMA4-2       GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
GaHMA4-3       GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
CMAHMA4-1      GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
CMAHMA4-2      GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
SLMHMA4-1      GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
SLMHMA4-2      GTAGGTGAAAGATTAGCTGGAGTTTTCAATCTTTCCGATGCTTGTAGATCCGGAGTAGCT 
SLMHMA4-3      GTAGATGAAAGATTAGCTGGAGTTTTCAATCTTTCTGATGCTTGTAGATCCGGAGTAGCT 
SLMHMA4-4      GTAGATGAAAGATTAGCTGGAGTTTTCAATCTTTCTGATGCTTGTAGATCCGGAGTAGCT 
AhHMA4-1       GTAGGTGAAAGACTAGCTGGAGTTTTCAATCTTTCTGATGCTTGTAGATCAGGTGTATCT 
AhHMA4-2       GTAGGTGAAAGACTAGCTGGAGTTTTCAATCTTTCTGATGCTTGTAGATCAGGTGTATCT 
AhHMA4-3       GTAGGTGAAAGACTAGCTGGAGTTTTCAATCTTTCTGATGCTTGTAGATCAGGTGTATCT 
 
AtHMA4         CAAGCAATGGCAGAACTGAAATCTCTAGGAATCAAAACCGCAATGCTAACGGGAGATAAT 
LCHMA4-1       CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
LCHMA4-2       CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
GaHMA4-1       CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
GaHMA4-2       CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
GaHMA4-3       CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
CMAHMA4-1      CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
CMAHMA4-2      CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
SLMHMA4-1      CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
SLMHMA4-2      CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
SLMHMA4-3      CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
SLMHMA4-4      CAAGCAATGAAGGAACTCAAAGATCTTGGAATCAAAACCGCAATGCTAACAGGAGATAAT 
AhHMA4-1       CAAGCAATGAAAGAACTAAAATCTCTAGGAATCAAAACCGCAATGCTAACGGGAGATAGT 
AhHMA4-2       CAAGCAATGAAAGAACTAAAATCTCTAGGAATCAAAACCGCAATGCTAACGGGAGATAGT 
AhHMA4-3       CAAGCAATGAAAGAACTAAAATCTCTAGGAATCAAAACCGCAATGCTAACGGGAGATAGT 
 
AtHMA4         CAAGCCGCGGCAATGCATGCTCAAGAACAGCTAGGGAATGTTTTAGATGTTGTACATGGA 
LCHMA4-1       CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
LCHMA4-2       CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
GaHMA4-1       CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
GaHMA4-2       CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
GaHMA4-3       CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
CMAHMA4-1      CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
CMAHMA4-2      CAAGATTCAGCAATGCATGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
SLMHMA4-1      AAAGATTCAGCAATGCATGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
SLMHMA4-2      CAAGATTCAGCAATGCAAGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
SLMHMA4-3      AAAGATTCAGCAATGCATGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
SLMHMA4-4      AAAGATTCAGCAATGCATGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTTCATGGA 
AhHMA4-1       CAAGCTGCGGCAATGCATGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTGCATGGA 
AhHMA4-2       CAAGCTGCGGCAATGCATGCTCAAGAACAGCTAGGGAATGTTTTGGATGTTGTGCATGGA 
AhHMA4-3       CAAGCTGCGGCAATGCATGCTCAAGAACAGCTAGGGAATGCTTTGGATGTTGTGCATGGA 
 
AtHMA4         GATCTTCTTCCAGAAGATAAGTCCAGAATCATACAAGAGTTTAAGAAAGAGGG-ACCAAC 
LCHMA4-1       GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
LCHMA4-2       GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
GaHMA4-1       GAGCTTCTTCCAGAAGACAAATCCAAA-TCATACAAGAGTTTAAGAAAGAAGGGACCAAC 
GaHMA4-2       GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
GaHMA4-3       GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
CMAHMA4-1      GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
CMAHMA4-2      GAGCTTCTTCCTGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
SLMHMA4-1      GAGCTTCTTCCTGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
SLMHMA4-2      GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
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SLMHMA4-3      GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
SLMHMA4-4      GAGCTTCTTCCAGAAGACAAATCCAAAATCATACAAGAGTTTAAGAAAGAAGG-ACCAAC 
AhHMA4-1       GAACTTCTTCCAGAAGATAAATCTAAAATCATACAAGAGTTCAAGAAAGAAGG-ACCAAC 
AhHMA4-2       GAACTTCTTCCAGAAGATAAATCTAAAATCATACAAGAGTTCAAGAAAGAAGG-ACCAAC 
AhHMA4-3       GAACTTCTTCCAGAAGATAAATCTAAAATCATACAAGAGTTCAAGAAAGAAGG-ACCAAC 
 
AtHMA4         CGCAATGGTAGGGGACGGTGTGAATGATGCACCAGCTTTAGCTACAGCTGATATTGGTAT 
LCHMA4-1       TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
LCHMA4-2       TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
GaHMA4-1       TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
GaHMA4-2       TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
GaHMA4-3       TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
CMAHMA4-1      TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
CMAHMA4-2      TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
SLMHMA4-1      TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
SLMHMA4-2      TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
SLMHMA4-3      TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
SLMHMA4-4      TTGTATGGTAGGAGATGGTGTGAATGATGCACCAGCTTTAGCTAATGCTGATATTGGTAT 
AhHMA4-1       CGCAATGGTAGGGGACGGTGTGAACGATGCACCAGCTTTAGCTACAGCTGATATTGGTAT 
AhHMA4-2       CGCAATGGTAGGGGACGGTGTGAATGATGCACCAGCTTTAGCTACAGCTGATATTGGTAT 
AhHMA4-3       CGCAATGGTAGGGGACGGTGTGAATGATGCACCAGCTTTAGCTACAGCTGATATTGGTAT 
 
AtHMA4         CTCCATGGGAATTTCTGGCTCTGCTCTTGCAACACAAACTGGTAATATTATTCTGATGTC 
LCHMA4-1       CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGACTGGTCATATCATTCTCATGTC 
LCHMA4-2       CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGACTGGTCATATCATTCTCATGTC 
GaHMA4-1       CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGTCTGGTCATATCATTCTCATGTC 
GaHMA4-2       CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGTCTGGTCATATCATTCTCATGTC 
GaHMA4-3       CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGACTGGTCATATCATTCTCATGTC 
CMAHMA4-1      CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGACTGGTCATATCATTCTCATGTC 
CMAHMA4-2      CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGTCTGGTCATATCATTCTCATGTC 
SLMHMA4-1      CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGTCTGGTCATATCATTCTCATGTC 
SLMHMA4-2      CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGACTGGTCATATCATTCTTATGTC 
SLMHMA4-3      CTCCATGGGGATTTCTGGCTCTGCGCTCGCGACGCAGTCTGGTCATATCATTCTCATGTC 
SLMHMA4-4      CTCCATGGG-ATTTCTGGCTCTGCGCTCGCGACGCAGTCTGGTCATATCATTCTCATGTC 
AhHMA4-1       CTCCATGGGGATTTCTGGCTCTGCTCTTGCAACACAGACTGGTCATATTATTCTGATGTC 
AhHMA4-2       CTCCATGGGGATTTCTGGCTCTGCTCTTGCAACACAGACTGGTCATATTATTCTGATGTC 
AhHMA4-3       CTCCATGGGGATTTCTGGCTCTGCTCTTGCAACACAGACTGGTCATATTATTCTGATGTC 
 
AtHMA4         TAATGATATAAGAAGGATACCACAAGCGGTGAAGCTAGCGAGAAGAGCACGACGCAAAGT 
LCHMA4-1       AAATGATATCAGAAGGATACCACAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
LCHMA4-2       AAATGATATCAGAAGGATACCACAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
GaHMA4-1       AAATGATATCAGAAGGATACCAAAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
GaHMA4-2       AAATGATATCAGAAGGATACCAAAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
GaHMA4-3       AAATGATATCAGAAGGATACCACAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
CMAHMA4-1      AAATGATATCAGAAGGATACCACAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
CMAHMA4-2      AAATGATATCAGAAGGATACCAAAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
SLMHMA4-1      AAATGATATCAGAAGGATACCAAAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
SLMHMA4-2      TAATGATATCAGAAGGATACCACAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
SLMHMA4-3      AAATGATATCAGAAGGATACCAAAAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
SLMHMA4-4      AAATGATATCAGAAGGATACCA-AAGCGATAAAGCTAGCAAGAAGAGCTCAGCGGAAAGT 
AhHMA4-1       TAATGACATAAGAAGGATACCACAAGCGGTGAAGCTAGCGAGAAGAGCTCGGCGCAAAGT 
AhHMA4-2       TAATGACATAAGAAGGATACCACAAGCGGTGAAGCTAGCGAGAAGAGCTCGGCGCAAAGT 
AhHMA4-3       TAATGACATAAGAAGGATACCACAAGCGGTGAAGCTAGCGAGAAGAGCTCGGCGCAAAGT 
 
AtHMA4         TGTTGAAAACGTGTGTCTATCGATCATTTTAAAAGCAGGAATACTCGCTTTGGCATTTGC 
LCHMA4-1       TCTTCAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
LCHMA4-2       TCTTCAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
GaHMA4-1       TCTTGAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
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GaHMA4-2       TCTTGAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
GaHMA4-3       TCTTCAAAACGTGATCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
CMAHMA4-1      TCTTCAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
CMAHMA4-2      TCTTGAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
SLMHMA4-1      TCTTGAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
SLMHMA4-2      TCTTCAAAACGTGATCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
SLMHMA4-3      TCTTGAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
SLMHMA4-4      TCTTGAAAACGTGTTCATCTCCATCACTTTGAAAGTAGGGATACTGGTTTTAGCATTTGC 
AhHMA4-1       TATTGAAAACGTGTGTCTTTCCATCATTTTAAAAGCAGGAATACTGGCTTTGGCATTTGC 
AhHMA4-2       TATTGAAAACGTGTCTCTTTCCATCATTTTAAAAGCAGGAATACTGGCTTTGGCATTTGC 
AhHMA4-3       TATTGAAAACGTGTGTCTTTCCATCATTTTAAAAGCAGGAATACTGGCTTTGGCATTTGC 
 
AtHMA4         TGGTCATCCTTTGATTTGGGCTGCGGTTCTTGTTGATGTAGGGACTTGTCTGCTTGTGAT 
LCHMA4-1       TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
LCHMA4-2       TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
GaHMA4-1       TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
GaHMA4-2       TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
GaHMA4-3       TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
CMAHMA4-1      TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
CMAHMA4-2      TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
SLMHMA4-1      TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
SLMHMA4-2      TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
SLMHMA4-3      TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
SLMHMA4-4      TGGTCATCCTTTGATTTGGGCTGCGGTGCTTACTGATGTAGGGACTTGCCTGATTGTGAT 
AhHMA4-1       TGGTCATCCTTTGATTTGGGCAGCGGTTCTTGTTGACGTAGGAACTTGTTTGCTTGTGAT 
AhHMA4-2       TGGTCATCCTTTGATTTGGGCAGCGGTTCTTGTTGACGTAGGAACTTGTTTGCTTGTGAT 
AhHMA4-3       TGGTCATCCTTTGATTTGGGCAGCGGTTCTTGTTGACGTAGGAACTTGTTTGCTTGTGAT 
 
AtHMA4         TTTCAATAGTATGTTGCTGCTGCGAGAGAAGAAAAAGATTGGGAACAAAAAGTGTTACAG 
LCHMA4-1       TCTCAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGATCAAGAAGTGTTACAG 
LCHMA4-2       TCTCAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGATCAAGAAGTGTTACAG 
GaHMA4-1       TTTTAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGAACAAGAAGTGTTACAG 
GaHMA4-2       TTTTAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGAACAAGAAGTGTTACAG 
GaHMA4-3       TCTCAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGATCAAGAAGTGTTACAG 
CMAHMA4-1      TCTCAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGATCAAGAAGTGTTACAG 
CMAHMA4-2      TTTTAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGAACAAGAAGTGTTACAG 
SLMHMA4-1      TTTTAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGAACAAGAAGTGTTACAG 
SLMHMA4-2      TCTCAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGATCAAGAAGTGTTACAG 
SLMHMA4-3      TTTTAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGAACAAGAATTGTTACAG 
SLMHMA4-4      TTTTAACAGTATGTTGCTTCTGCGAGAGAAGGATAAATCTAAGAACAAGAATTGTTACAG 
AhHMA4-1       TCTCAATAGTATGTTGCTGCTGCGAGAGAAGAAAAAGATTGGGAACAAAAAGTGTTACAG 
AhHMA4-2       TTTCAATAGTATGTTGCTGCTGCGAGAGAAGAAAAAGATTGGGAACAAAAAGTGTTACAG 
AhHMA4-3       TCTCAATAGTATGTTGCTGCTGCGAGAGAAGAAAAAGATTGGGAACAAAAAGTGTTACAG 
 
AtHMA4         GGCTTCTACATCTAAGTTGAATGGTAGGAAACTTGAAGGCGATGATGATTATGTTGTGGA 
LCHMA4-1       G------------------------AAGAAAGTTGAAGGCGGCGATGACCAAGGCCTTGA 
LCHMA4-2       G------------------------AAGAAACTTGAAGGCGTCGATGACCAAGGCCTTGA 
GaHMA4-1       GGCTTCTACATCTGTGTTGAATGGTAAGAAACTTGAAGGCGATGATGAAGAAGGTCTTGA 
GaHMA4-2       GGCTTCTACATCTGTGTTGAATGGTAAGAAACTTGAAGGCGATGATGAAGAAGGTCTTGA 
GaHMA4-3       G------------------------AAGAAACTTGAAGGCGTCGATGACCAAGGCCTTGA 
CMAHMA4-1      G------------------------AAGAAACTTGAAGGCGGCGATGACCAAGGCCTTGA 
CMAHMA4-2      GGCTTCTACATCTGTGTTGAATGGTAAGAAACTTGAAGGCGATGATGAAGAAGGTCTTGA 
SLMHMA4-1      GGCTTCTACATCTGTGTTGAATGGTAAGAAACTTGAAGGCGATGATGAAGAAGGTCTTGA 
SLMHMA4-2      G------------------------AAGAAACTTGAAGGCGTCGATGACCAAGGCCTTGA 
SLMHMA4-3      GGCTTCTACATCTGTGTTGAATGGTAAGAAACTTGAAGGCGGCGATGACCAAGGCCTTGA 
SLMHMA4-4      GGCTTCTACATCTGTGTTGAATGGTAAGAAACTTGAAGGCGATGATGAAGAAGGTCTTGA 
AhHMA4-1       GGCTTCTACATCTATGTTGAATGGTAGGAAACTCGAAGGCGATGATGATGATGCTGTGGA 
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AhHMA4-2       GGCTTCTACATCTATGTTGAATGGTAGGAAACTCGAAGGCGATGATGATGATGCTGTGGA 
AhHMA4-3       GGCTTCTACATCTATGTTGAATGGTAGGAAACTCGAAGGCGATGATGATGATGCTGTGGA 
 
AtHMA4         CTTAGAAGCAGGCTTGTTAACAAAGAGCGGGAATGGTCAATGCAAATCAAGCTGTTGTGG 
LCHMA4-1       CTTAGAAGCAGGGTTGTTGTCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
LCHMA4-2       CTTAGAAGCAGGGTTGTTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
GaHMA4-1       CTTAGAAGCAGGGTTGGTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
GaHMA4-2       CTTAGAAGCAGGGTTGGTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
GaHMA4-3       CTTAGAAGCAGGGTTGTTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
CMAHMA4-1      CTTAGAAGCAGGGTTGTTCTCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
CMAHMA4-2      CTTAGAAGCAGGGTTGGTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
SLMHMA4-1      CTTAGAAGCAGGGTTGGTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
SLMHMA4-2      CTTAGAAGCAGGGTTGTTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
SLMHMA4-3      CTTAGAAGCAGGGTTGTTCTCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
SLMHMA4-4      CTTAGAAGCAGGGTTGGTATCAAAGAG---------TCAATGCAACTCAGGATGTTGTGG 
AhHMA4-1       CTTAGAAGCAGGCTTGTTAACAAAAAGCGGGAATGGTCAATGTAAATCAAGCTGTTGTGG 
AhHMA4-2       CTTAGAAGCAGGCTTGTTAACAAAAAGCGGGAATGGTCAATGTAAATCAAGCTGTTGTGG 
AhHMA4-3       CTTAGAAGCAGGCTTGTTAACAAAAAGCGGGAATGGTCAATGTAAATCAAGCTGTTGTGG 
 
AtHMA4         AGATAAGAAAAATCAAGAGAATGTTGTGATGATGAAACCAAGTAGTAAAACCAGTTCTGA 
LCHMA4-1       TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTTCTGA 
LCHMA4-2       TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTTCTGA 
GaHMA4-1       TGATAAGAATAGCCAAGGGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
GaHMA4-2       TGATAAGAATAGCCAAGGGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
GaHMA4-3       TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTTCTGA 
CMAHMA4-1      TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
CMAHMA4-2      TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
SLMHMA4-1      TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
SLMHMA4-2      TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTTCTGA 
SLMHMA4-3      TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
SLMHMA4-4      TGATAAGAAAAGCCAAGAGAAGGTGATGTTGATGAGACCAGCTAGTAAAACCAGTACTGA 
AhHMA4-1       AGATAAGAAAAATCAAGAGAAGGTTGTGATGATGAAACCAAGTAGTAAAACCAGTTCTGA 
AhHMA4-2       AGATAAGAAAAATCAAGAGAAGGTTGTGATGATGAAACCAAGTAGTAAAACCAGTTCTGA 
AhHMA4-3       AGATAAGAAAAATCAAGAGAAGGTTGTGATGATGAAACCAAGTAGTAAAACCAGTTCTGA 
 
AtHMA4         TCATTCTCACCCTGGTTGTTGTGGCGATAAGAAGGAAGAAAAAGTGAAGCCGCTTGTGAA  
LCHMA4-1       CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
LCHMA4-2       CCATCTTCACTCTGGTTGTTGCGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
GaHMA4-1       CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
GaHMA4-2       CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
GaHMA4-3       CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
CMAHMA4-1      CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
CMAHMA4-2      CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA 
SLMHMA4-1      CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
SLMHMA4-2      CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAAGCAAGAGAGTGTAAAGC---TTGTGAA  
SLMHMA4-3      CCATCTTCACTCTGGTTGTTGTGGTGAAAAGAATCAAGAGAGTGTAAAGC---TTGTGAA  
SLMHMA4-4      CCATCTTCACTCTGGTTGTTGTGGTGAAAAGA-TCAAGAGAGTGTAAAGC---TTGTGAA  
AhHMA4-1       TCATTCTCACCCTGGTTGTTGTGGCGATAAGAAGCAAGGCAATGTGAAGCCGCTTGTGAG  
AhHMA4-2       TCATTCTCACCCTGGTTGTTGTGGCGATAAGAAGCAAGGCAATGTGAAGCCGCTTGTGAG  
AhHMA4-3       TCATTCTCACCCTGGTTGTTGTGGCGATAAGAAGCAAGGCAATGTGAAGCCGCTTGTGAG  
 
AtHMA4         AGATGGCTGTTGCAGTGAGAAAACTAGGAAATCAGAGGGAGATATGGTTTCATTGAGCTC 
LCHMA4-1       AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGATATGGCTTCACTGAGCTC 
LCHMA4-2       AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGATATGGCTTCACTGAGCTC 
GaHMA4-1       AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGACATGGCTTCACTGAGCTC 
GaHMA4-2       AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGACATGGCTTCACTGAGCTC 
GaHMA4-3       AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGACATGGCTTCACTGAGCTC 
CMAHMA4-1      AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGATATGGCTTCACTGAGCTC 
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CMAHMA4-2      AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGAGGGAGACATGGCTTCACTGAGCTC 
SLMHMA4-1      AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACAAGAGGGAGATATGGCTTCACTGAGCTC 
SLMHMA4-2      AGATAGCTGTTGCGGTGAGAAAAGTAGGAAACCAGTGGGAGACATGGCTTCACTGAGCTC 
SLMHMA4-3      AGATAGCTGTTGCGGTGAGAAAAGTAAGAAACCAGAGGGAGATATGGCTTCACTGAGCTC 
SLMHMA4-4      AGATAGCTGTTGCGGTGAGAAAAGTAAGAAACCAGAGGGAGATATGGCTTCACTGAGCTC 
AhHMA4-1       AGATGGCGGTTGCAGTGAGGAAACTAGGAAAGCAGTGGGAGACATGGTTTCATTGAGCTC 
AhHMA4-2       AGATGGCGGTTGCAGTGAGGAAACTAGGAAAGCAGTGGGAGACATGGTTTCATTGAGCTC 
AhHMA4-3       AGATGGCGGTTGCAGTGAGGAAACTAGGAAAGCAGTGGGAGACATGGTTTCATTGAGCTC 
 
AtHMA4         ATGTAAGAAGTCTAGTCATGTCAAACATGACCTGAAAATGAAAGGTGGTTCAGGTTGTTG 
LCHMA4-1       ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
LCHMA4-2       ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
GaHMA4-1       ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
GaHMA4-2       ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
GaHMA4-3       ATGCAAGAAGTCTAA-CA--------ATGACATAAAAATGAAAGGTGGTTCAAGTTGTTG 
CMAHMA4-1      ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
CMAHMA4-2      ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
SLMHMA4-1      ATGCAAGAAGTCTGA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
SLMHMA4-2      ATGCAAGAAGTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
SLMHMA4-3      ATGCAAGAACTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
SLMHMA4-4      ATGCAAGAACTCTAA-CA--------ATGACCTGAAAATGAAAGGTGGTTCAAGTTGTTG 
AhHMA4-1       ATGTAAGAAGTCTAGTCATGTCAAACATGACCTGAAAATGAAAGGTGGTTCAGGTTGTTG 
AhHMA4-2       ATGTAAGAAGTCTAGTCATGTTAAACATGACCTGAAAATGAAAGGTGGTTCAGGTTGTTG 
AhHMA4-3       ATGTAAGAAGTCTAGTCATGTCAAACATGACCTGAAAATGAAAGGTGGTTCAGGTTGTTG 
 
AtHMA4         TGCTAGCAAAAATGAGAAAGGGAAGGAAGTAGTGGCAAAGAGCTGTTGTGAGAAACCCAA  
LCHMA4-1       TGCTAGTAAAAATGAGAAGCTGAAGGAAGCAGTAGTA-----------------------  
LCHMA4-2       TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
GaHMA4-1       TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
GaHMA4-2       TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
GaHMA4-3       TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
CMAHMA4-1      TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
CMAHMA4-2      TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
SLMHMA4-1      TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGCAGTA-----------------------  
SLMHMA4-2      TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
SLMHMA4-3      TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
SLMHMA4-4      TGCTAGTAAAAATGAGAAGCTGAAGGAAGTAGTAGTA-----------------------  
AhHMA4-1       TGCTAACAAAAGTGAGAAGGTAGAGGAAGTAGTGGCAAAGAGCTGTTGTGAGAAACCAAA  
AhHMA4-2       TGCTAACAAAAGTGAGAAGGTAGAGGAAGTAGTGGCAAAGAGCTGTTGTGAGAAACCAAA  
AhHMA4-3       TGCTAACAAAAGTGAGAAGGTAGAGGAAGTAGTGGCAAAGAGCTGTTGTGAGAAACCAAA  
 
AtHMA4         ACAGCAGGTGGAGAGTGTTGGAGACTGCAAGTCTGGTCATTGCGAGAAGAAGAAGCAAGC 
LCHMA4-1       ---GCAA----AGAG---------CTGC------------TGTGAAGACAAGGAGAAAAC 
LCHMA4-2       ---GCAA----AGAG---------CTGC------------TGTGAAGACAAGGAGAAAGC 
GaHMA4-1       ---GCAA----AGAG---------CTGC------------TGTGAAGACAAGGAGAAAGC 
GaHMA4-2       ---GCAA----AGAG---------CTGC------------TGTGAAGACAAGGAGAAAGC 
GaHMA4-3       ---GCAA----AGAG---------CTGC------------TGTGAAGAGAAGGAGAAAGC 
CMAHMA4-1      ---GCAA----AGAG---------CTGC------------TGTGGAGAGAAGGAGAAAGC 
CMAHMA4-2      ---GCAA----AGAG---------CTGC------------TGTGAAGACAAGGAGAAAGC 
SLMHMA4-1      ---GCAA----AGAC---------CTGC------------TGTGAAGACAAGGAGAAAGC 
SLMHMA4-2      ---GCAA----AGAG---------CTGC------------TGTGAAGAGAAGGAGAAAGC 
SLMHMA4-3      ---GCAA----AGAG---------CTGC------------TGTGGAGAGAAGGAGAAAGC 
SLMHMA4-4      ---GCAA----AGAG---------CTGC------------TGTGGAGAGAAGGAGAAAGC 
AhHMA4-1       ACAGCAAATGGAGAGTGCTGGAGACTGCAAATCTAGCCATTGCGAGGAGAAGAAGCATGC 
AhHMA4-2       ACAGCAAATGGAGAGTGCTGGAGACTGCAAATCTAGCCATTGCGAGGAGAAGAAGCATGC 
AhHMA4-3       ACAGCAAATGGAGAGTGCTGGAGACTGCAAATCTAGCCATTGCGAGGAGAAGAAGCATGC 
 
AtHMA4         TGAAGACATTGTTGTCCCGGTGCAGATTATTGGTCATGCATTAACGCATGTGGAGATCGA  
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LCHMA4-1       AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
LCHMA4-2       AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
GaHMA4-1       AGAGGGAAATGTTGA---GATGCAGATT------------CTTG---ATTTGGAGAAAGG  
GaHMA4-2       AGAGGGAAATGTTGA---GATGCAGATT------------CTTG---ATTTGGAGAAAGG  
GaHMA4-3       AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
CMAHMA4-1      AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
CMAHMA4-2      AGAGGGAAATGTTGA---GATGCAGATT------------CTTG---ATTTGGAGAAAGG  
SLMHMA4-1      AGAGGGAAATGTTGA---GATGCAGATT------------CTTG---ATTTGGAGAAAGG  
SLMHMA4-2      AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
SLMHMA4-3      AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
SLMHMA4-4      AGAGGGAAATGTTGA---GATGCAGATT------------CTAA---ATTTGGAGAAAGG  
AhHMA4-1       TGAGGAAATTGTTCTCCCGGTGCAGATGATTGGTCAGGCATTAACTGGTTTGGAAATAGA  
AhHMA4-2       TGAGGAAATTGTTCTCCCGGTGCAGATGATTGGTCAGGCATTAACTGGTTTGGAAATAGA  
AhHMA4-3       TGAGGAAATTGTTCTCCCGGTGCAGATGATTGGTCAGGCATTAACTGGTTTGGAAATAGA  
 
AtHMA4         GTTGCAGACAAAG------GAAACCTGCAAAACAAGCTGTTGTGACAGTAAAGAAAAGGT  
LCHMA4-1       GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
LCHMA4-2       GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
GaHMA4-1       GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
GaHMA4-2       GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
GaHMA4-3       GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
CMAHMA4-1      GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
CMAHMA4-2      GTCGCAGAAAACGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
SLMHMA4-1      GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
SLMHMA4-2      GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
SLMHMA4-3      GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
SLMHMA4-4      GTCGCAGAAAAAGGTTGGTGAAACCTGCAAATCAAGCTGTTGTGGAGATAAAGAGAAGGC  
AhHMA4-1       GTTGCAGACAAAG------GAAACTTGCAAAACAAGATGTTGTGACAATAAAGAGAAGGC  
AhHMA4-2       GTTGCAGACAAAG------GAAACTTGCAAAACAAGATGTTGTGACAATAAAGAGAAGGC  
AhHMA4-3       GTTGCAGACAAAG------GAAACTTGCAAAACAAGATGTTGTGACAATAAAGAGAAGGC  
 
AtHMA4         TAAGGAGACAGGTTTGCTGCTTTCTAGTGAGAACACACCTTACCTGGAGAAAGGAGTGCT  
LCHMA4-1       TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAAG----  
LCHMA4-2       TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAAG----  
GaHMA4-1       TAAGGAAACACGTTTGTTGCTGGCTAGTGAAGATCCATCTTATCTGGAGAAGGAAG----  
GaHMA4-2       TAAGGAAACACGTTTGTTGCTGGCTAGTGAAGATCCATCTTATCTGGAGAAGGAAG----  
GaHMA4-3       TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAAG----  
CMAHMA4-1      TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAAG----  
CMAHMA4-2      TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAG-----  
SLMHMA4-1      TAAGGAAACACGTTTGTTGCTGGCTAGTGAAGATCCATCTTATCTGGAGAAGGAAG----  
SLMHMA4-2      TAAGGAAACACGTTTGGTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAAG----  
SLMHMA4-3      TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAG-----  
SLMHMA4-4      TAAGGAAACACGTTTGTTGCTTGCTAGTGAGGATCCATCTTATCTGGAGAAGGAG-----  
AhHMA4-1       TAAGAAAAAAGGTTTGTTGCTTTCTAGTGAGGACACATCTTACCTGGAGAAGGGAGTGCT  
AhHMA4-2       TAAGAAAAAAGGTTTGTTGCTTTCTAGTGAGGACACATCTTACCTGGAGAAGGGAGTGCT  
AhHMA4-3       TAAGAAAAAAGGTTTGTTGCTTTCTAGTGAGGACACATCTTACCTGGAGAAGGGAGTGCT 
 
AtHMA4         GATTAAAGATGAAGGAAACTGCAAGTCTGGCAGCGAGAACATGGGGACAGTGAAACAAAG  
LCHMA4-1       ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
LCHMA4-2       ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
GaHMA4-1       ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
GaHMA4-2       ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
GaHMA4-3       ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
CMAHMA4-1      ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
SLMHMA4-2      ----AAAGGCAAACTA--CTG-AAGCT----------AACATTGTGACAGTGAAACAGAG  
SLMHMA4-3      ------------------------------------------------------------ 
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SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       GATTAAAGATGAAGGAAACTGCAAGTCTGCCTGCCAGAAAACGGGGACAGTGAAAGAAAG  
AhHMA4-2       GATTAAAGATGAAGGAAACTGCAAGTCTGCCTGCCAGAAAACGGGGACAGTGAAACAAAG  
AhHMA4-3       GATTAAAGATGAAGGAAACTGCAAGTCTGCCTGCCAGAAAACGGGGACAGTGAAACAAAG  
 
AtHMA4         CTGCCATGAGAAGG--GCTGCAGCGATGAAAAACAAA----CCGGGGAAAT--AACTCTT  
LCHMA4-1       CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
LCHMA4-2       CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
GaHMA4-1       CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
GaHMA4-2       CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
GaHMA4-3       CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
CMAHMA4-1      CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      CTGCCATGAGAAGGCAAGTCTGGACATTGAAACTGGAGTTACTTGTGATCTCAAGTTGGT  
SLMHMA4-2      CTGCCATGAGAAGGCAAGTCTGGACATTGAAAATGGAGTTACTTGTGATCTCAAGTTGGT  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       CTGCCATGAGAAGGCACCTCTTGATATAGAAACCAAG----TTGGT----T--AGTTGTG  
AhHMA4-2       CTGCCATGAGAAGGCACCTCTTGATATAGAAACCAAG----TTGGT----T--AGTTGTG  
AhHMA4-3       CTGCCATGAGAAGGCACCTCTTGATATAGAAACCAAG----TTGGT----T--AGTTGTG  
 
AtHMA4         G--CTTCGGAGGAA--GAGACAGATGATCAAGATTGCTCC-----------TCGGGATGT  
LCHMA4-1       CTGCTGCGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
LCHMA4-2       CTGCTGCGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
GaHMA4-1       CTGCTGTGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
GaHMA4-2       CTGCTGTGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
GaHMA4-3       CTGCTGTGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
CMAHMA4-1      CTGCTGTGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      CTGCTGTGGAGACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
SLMHMA4-2      CTGCTGTGGAAACATAGAAGTGGGAGAGCAA-TCTGATCTTGAGAAAGGCATGAAGTTAA  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       GAAACACAGAGGGG--GAAGTGGGAGAACAA-ACTGATC------------TGGAGATAA  
AhHMA4-2       GAAACACAGAGGGG--GAAGTGGGAGAACAA-ACTGATC------------TGGAGATAA  
AhHMA4-3       GAAACACAGAGGGG--GAAGTGGGAGAACAA-ACTGATC------------TGGAGATAA  
 
AtHMA4         TGTGTGAACGAGGGAACAGTGAAACAAA--GCTTCGATGAGAAGA---------------  
LCHMA4-1       AGGGTGAAGGAC---AATGCAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
LCHMA4-2       AGGGTGAAGGAC---AATGCAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
GaHMA4-1       AGGGTGAAGGAC---AATGTAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
GaHMA4-2       AGGGTGAAGGAC---AATGTAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
GaHMA4-3       AGGGTGAAGGAC---AATGCAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
CMAHMA4-1      AGGGTGAAGGAC---AATGCAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      AGGGTGAAGGAC---AATGCAAGTCTGACTGCTGCGGTGATGAAATACCTCTAACTTCTG  
SLMHMA4-2      AGGGTGAAGGAC---AATGCAAGTCTGACTGCTGCGGTGATGAAATACCTCTAGCTTCTG  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       AGATTGAAGGAG---ACTGCAAGTCTGGTTGCTGCAGCGATGAAA---------------  
AhHMA4-2       AGATTGAAGGAG---ACTGCAAGTCTGGTTGCTGCAGCGATGAAA---------------  
AhHMA4-3       AGATTGAAGGAG---ACTGCAAGTCTGGTTGCTGCAGCGATGAAA---------------  
 
AtHMA4         -----AGCATTCTGTGTTG----------------GTGGAGAAGGAAGG-TT--------  
LCHMA4-1       AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTGACACAAA  
LCHMA4-2       AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTGACACAAA  
GaHMA4-1       AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAGGGAGGAATTAACACAAA  
GaHMA4-2       AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTGACACAAA  
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GaHMA4-3       AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTGACACAAA  
CMAHMA4-1      AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTGACACAAA  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTAACACAAA  
SLMHMA4-2      AGGAAGACAGTGTGGATTGCTCCTCCGGATGCTGCGGAAACAAGGAGGAATTGACACAAA  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       -----AACAAACTG----G----------------GGAAATAACTCTGGCTT--------  
AhHMA4-2       -----AACAAACTG----G----------------GGAAATAACTCTGGCTT--------  
AhHMA4-3       -----AACAAACTG----G----------------GGAAATAACTCTGGCTT--------  
 
AtHMA4         -TGG--ACATGGAAACT------GGTTTC---TGTTGTGATGCCAAGCTGGTTTGTTGTG  
LCHMA4-1       TCTGTCATGAGAAGACATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGCTGTG  
LCHMA4-2       TCTGTCATGAGAAGACATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGCTGTG  
GaHMA4-1       TCTGTCATGAGAAGACATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGCTGTG  
GaHMA4-2       TCTGTCATGAGAAGGCATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGTTGTG  
GaHMA4-3       TCTGTCATGAGAAGGCATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGTTGTG  
CMAHMA4-1      TCTGTCATGAGAAGGCATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGTTGTG  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      TCTGTCATGAGAAGGCATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGTTGTG  
SLMHMA4-2      TCTGTCATGAGAAGGCATGTCTGGACATTGTAAGTTGTGATTCCAAGTTGGTTTGTTGTG  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       -CTG--AGGAAGAGACA------GACAGC---ACGGATTGTTCC---TCGGGATGTTGTA  
AhHMA4-2       -CTG--AGGAAGAGACA------GACAGC---ACGGATTGTTCC---TCGGGATGTTGTA  
AhHMA4-3       -CTG--AGGAAGAGGCA------GACAGC---ACGGATTGTTCC---TCGGGATGTTGTA  
 
AtHMA4         GAAACACAGAAGGTGAAGTGAAGGAGCAATGTC---------------------------  
LCHMA4-1       GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
LCHMA4-2       GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
GaHMA4-1       GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
GaHMA4-2       GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
GaHMA4-3       GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
CMAHMA4-1      GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
SLMHMA4-2      GAGAAACAGAAGTGGAAGTGAGAGAGCAATGTGATCTCAAGAAGGGTCTGCAGATAAAGA  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       TGGACAAAGAAG---AAGTGACACAAATCTGCG---------------------------  
AhHMA4-2       TGGACAAAGAAG---AAGTGACACAAATCTGCG---------------------------  
AhHMA4-3       TGGACAAAGAAG---AAGTGACACAAATCTGCG---------------------------  
 
AtHMA4         ------------------------------------------------------------ 
LCHMA4-1       ATGAAGGACAATGCAAGTCTGTTTGTTGCGGTGATGAAAAGAAAACAGAGGAGATAACT-  
LCHMA4-2       ATGAAGGACAATGCAAGTCTGTTCGTTGCGGTGATGAAAAGAAAACAGAGGAGATAACT-  
GaHMA4-1       ATGAAGGACAATGCAAGTCTGTTTGTTGCGGTGATGAAAAGAAAACAGAGGAGATAACT-  
GaHMA4-2       ATGAAGGACAATGCGAGTCTGTTTGTTGTGGTGATGAAAAGAAAACAGAGGAGATAACTC  
GaHMA4-3       ATGAAGGACAATGCGAGTCTGTTTGTTGTGGTGATGAAAAGAAAACAGAGGAGATAACTC  
CMAHMA4-1      ATGAAGGACAATGCGAGTCTGTTTGTTGTGGTGATGAAAAGAAAACAGAGGAGATAACTC  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      ATGAAGGACAATGCAAGTCTGTTTGTTGCGGTGATGAAAAGAAAACAGAGGAGATAACT-  
SLMHMA4-2      ATGAAGGACAATGCGAGTCTGTTTGTTGTGGTGATGAAAAGAAAACAGAGGAGATAACTC  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       ------------------------------------------------------------ 
AhHMA4-2       ------------------------------------------------------------ 
AhHMA4-3       ------------------------------------------------------------ 
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AtHMA4         ------------------------GTCTGGAGATAAAGAAAGAAGAACATTGCAAGTCTG  
LCHMA4-1       -----------GAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC  
LCHMA4-2       -----------GAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC 
GaHMA4-1       -----------GAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC  
GaHMA4-2       TGGTTTCTGATGAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGGCGATAGCAAAGCTC  
GaHMA4-3       TGGTTTCTGATGAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGGCGATAGCAAAGCTC  
CMAHMA4-1      TGGTTTCTGATGAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGGCGATAGCAAAGCTC  
CMAHMA4-2      -----------------------AATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC  
SLMHMA4-1      -----------GAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC  
SLMHMA4-2      TGGTTTCTGATGAAGAGACGGACAATCTGAAAAGTGAAAGTGGTGGCGATAGCAAAGCTC  
SLMHMA4-3      -----------------------AATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC  
SLMHMA4-4      -----------------------AATCTGAAAAGTGAAAGTGGTGATGATTGCAAATCTC  
AhHMA4-1       ------------------------GCTTGGAAACTGAAGGTGGTGGTGATTGCAAATCAC  
AhHMA4-2       ------------------------GCTTGGAAACTGAAGGTGGTGGTGATTGCAAATCAC  
AhHMA4-3       ------------------------GCTTGGAAACTGAAGGTGGTGGTGATTGCAAATCAC  
 
AtHMA4         GTTGCTGCGG---CGAGGAAATACAAACCGGAGAAATCACTCTGGTTTCAGAGGAAGAGA  
LCHMA4-1       TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
LCHMA4-2       TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
GaHMA4-1       TTTGTTGTGGAACTGGTTTGAAGCAC----GAAGGGTCTTC-TAGTTT----GGTCAATG  
GaHMA4-2       TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
GaHMA4-3       TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
CMAHMA4-1      TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
CMAHMA4-2      TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
SLMHMA4-1      TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
SLMHMA4-2      TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
SLMHMA4-3      TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
SLMHMA4-4      TTTGTTGTGGAACTGGTTTGAAGCAA----GAAGGGTCTTC-TAGTTT----GGTCAATG  
AhHMA4-1       ATTGTTGTGGAACTGGGTTGACACAA----GAAGGGTCTTCGAAGTT-----GGGCAATG  
AhHMA4-2       ATTGTTGTGGAACTGGGTTGACACAA----GAAGGGTCTTCAAAGTT-----GGGCAATG  
AhHMA4-3       ATTGTTGTGGAACTGGGTTGACACAA----GAAGGGTCTTCGAAGTT-----GGGCAATG  
 
AtHMA4         CAG----AGAGCACGAATTGTTCCACG---GGTTGTTGTGT-----------GGACAAAG 
LCHMA4-1       TTGTGGTGGAGAGCGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
LCHMA4-2       TTGTGGTGGAGAGTGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
GaHMA4-1       TTGTGGTGGAGAGTGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
GaHMA4-2       TGGTGGTGGAGAGCGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
GaHMA4-3       TGGTGGTGGAGAGCGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
CMAHMA4-1      TGGTGGTGGAGAGCGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
CMAHMA4-2      TTGTGGTGGAGAGTGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
SLMHMA4-1      TTGTGGTGGAGAGTGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
SLMHMA4-2      TGGTGGTGGAGAGCGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
SLMHMA4-3      TTGTGGTGGAGAGTGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
SLMHMA4-4      TTGTGGTGGAGAGTGG-TGAATCCGGGTCAAGCTGTTGCAGCAAGGAGGGAGAGATAGTG 
AhHMA4-1       TGG----AGAGTGC---TCAATCCGGA---GGCTGTGG---------------AACAGTG 
AhHMA4-2       TGG----AGAGTGC---TCAATTCGGA---GGCTGTGG---------------AACAGTG 
AhHMA4-3       TGG----AGACTGC---TCAATCCGGA---GGCTGTGG---------------AACAGTG 
 
AtHMA4         AAGAAGTG-ACACAAACCTGTCATGAGAAGCCTGCTAGCTTGGTGGTATCAGGCTTGGAA 
LCHMA4-1       AAAGTCTCTAGCCAAAGCTGTTGCGCAAGTCCAAGTGATGTGGTGTTATCTGACTTTCAA 
LCHMA4-2       AAAGTCTCTAGCCAAAGCTGTTGCGCAAGTCCAAGTGATGTGGTGTTATCTGACTTGGAA 
GaHMA4-1       AAAGTCTCTAGCCAAAGCTGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTGCAA 
GaHMA4-2       AAAGTCTCTAGCCAAAGCCGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTGCAA 
GaHMA4-3       AAAGTCTCTAGCCAAAGCCGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTGCAA 
CMAHMA4-1      AAAGTCTCTAGCCAAAGCCGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTGCAA 
CMAHMA4-2      AAAGTCTCTAGCCAAAGCTGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTTCAA 
SLMHMA4-1      AAAGTCTCTAGCCAAAGCTGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTTCAA 
SLMHMA4-2      AAAGTCTCTAGCCAAAGCCGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTGCAA 
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SLMHMA4-3      AAAGTCTCTAGCCAAAGCTGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTTCAA 
SLMHMA4-4      AAAGTCTCTAGCCAAAGCTGTTGCACAAGTCCAAGTGATGTGGTGTTATCTGACTTTCAA 
AhHMA4-1       AAAGTCTCTAGTCAAAGCTGTTGCACTAGTTCTACTGATCTGGTGCTATCTGACTTGCAA 
AhHMA4-2       AAAGTCTCTAGTCAAAGCTGTTGCACTAGTTCTACTGATCTGGTGCTATCTGACTTGCAA 
AhHMA4-3       AAAGTCTCTAGTCAAAGCTGTTGCACTAGTTCTACTGATCTGGTGCTATCTGACTTGCAA 
 
AtHMA4         GTGAAGAAGGATGAGCATTGTGAGAGCTCACACAGAGCCGTCAAGGTAGAGACCTGTTGC 
LCHMA4-1       GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
LCHMA4-2       GTCAAGAA---------------------AC---------------TAGAGATTTGTTGC 
GaHMA4-1       GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
GaHMA4-2       GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
GaHMA4-3       GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
CMAHMA4-1      GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
CMAHMA4-2      GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
SLMHMA4-1      GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
SLMHMA4-2      GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
SLMHMA4-3      GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
SLMHMA4-4      GCTAAGAA---------------------AC---------------TAGAGATTTGTTGC 
AhHMA4-1       GTGAAGAAGGATGAGCACTGTAAGAGCTCACACGGAGCCGTCAAGGTAGAGACCTGTTGC 
AhHMA4-2       GTGAAGAAGGATGAGCATTGTGAGAGCTCACACGGAGCCGTCAAGGTAGAGACCTGTTGC 
AhHMA4-3       GTGACGAAGGATGAGCATTGTGAGAGCTCACACGGAGCCGTCAAGGTAGAGACCTGTTGC 
 
AtHMA4         AAAGTGAAGA---TTCC---AGAGGCTTGCGCATCAAAATGTAGGGACAGAGCGAAGCGT 
LCHMA4-1       GAAGTGAAGAAGACTCCAGAGGAGGTTTGTGGATCTAAATGTAAGGAAACAGAGAAGCGT 
LCHMA4-2       AAAGCGAAGAAGACTCCAGAGGAGGTTCGTGGATCTAAATGTAAGGAAACAGAGAAGCGT 
GaHMA4-1       AAAGTGAAGAAGACTCCAGAGGAGGTTTGTGGATCTAAATGTAAGGCAACAGAGAAGCCT 
GaHMA4-2       AAAGTGAAGAAGACTCTTGAGGAGGTTCGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
GaHMA4-3       AAAGTGAAGAAGACTCTTGAGGAGGTTCGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
CMAHMA4-1      AAAGTGAAGAAGACTCTTGAGGAGGTTCGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
CMAHMA4-2      GAAGTGAAGAAGACTCCAGAGGAGGTTTGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
SLMHMA4-1      AAAGTGAAGAAGACTCCAGAGGAGGTTTGTGGATCTAAATGTAAGGCAACAGAGAAGCCT 
SLMHMA4-2      AAAGTGAAGAAGACTCTTGAGGAGGTTCGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
SLMHMA4-3      GAAGTGAAGAAGACTCCAGAGGAGGTTTGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
SLMHMA4-4      GAAGTGAAGAAGACTCCAGAGGAGGTTTGTGGATCTAAATGTAAGGAAACAGAGAAGCCT 
AhHMA4-1       AAAGTGAAGA---TTCC---AGAGGCTTGTGCATCGGAATGTAAGGAAAAAGAGAAGCGT 
AhHMA4-2       AAAGTGAAGA---TTCC---AGAGGCTTGTGCACCGGAATGTAAGGAAAAAGAGAAGCGT 
AhHMA4-3       AAAGTGAAGA---TTCC---AGAGGCTTGTGCACCGGAATGTAAGGAAAAAGAGAAGCGT 
 
AtHMA4         CAC---AGTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTTATGCAGCCACCGCCAT  
LCHMA4-1       CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGCATTGCAGCCACAGGCAT  
LCHMA4-2       CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
GaHMA4-1       CACCACGTCGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
GaHMA4-2       CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
GaHMA4-3       CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
CMAHMA4-1      CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
CMAHMA4-2      CACCACGTCGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
SLMHMA4-1      CACCACGTCGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
SLMHMA4-2      CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
SLMHMA4-3      CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
SLMHMA4-4      CACCACGTTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTATTGCAGCCACAGGCAT  
AhHMA4-1       CAC---AGTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTTTTGCAGCCACCGCCAC  
AhHMA4-2       CAC---AGTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTTTTGCAGCCACCGCCAC  
AhHMA4-3       CAC---AGTGGTAAAAGCTGTTGCAGGAGTTATGCAAAAGAGTTTTGCAGCCACCGCCAC  
 
AtHMA4         CATCATCACCACCACCACCACCATCACCATGTGAGTGCTTGA 
LCHMA4-1       CACCACCACCACCACCACCACCACCATGTTGGGGCTGCTTGA 
LCHMA4-2       CACCACCACCACCACCACCAC---CATGTTGGGGCTGCTTGA 
GaHMA4-1       CACGACAACCA---------------TGTTGGGGCTGCTTGA 
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GaHMA4-2       CACGACAACCA---------------TGTTGGGGCTGCTTGA 
GaHMA4-3       CACCACCACCACCACCACCAC---CATGTCGGGGCTGCTTGA 
CMAHMA4-1      CACCACCACCACCACCACCAC---CATGTCGGGGCTGCTTGA 
CMAHMA4-2      CACGACAACCATCATCACCAC---CATGTTGGGGCTGCTTGA 
SLMHMA4-1      CACGACAACCATCATCACCAC---CATGTTGGGGCTGCTTGA 
SLMHMA4-2      CACCACCACCACCACCACCAC---CATGTCGGGGCTGCTTGA 
SLMHMA4-3      CACGACAACCATCATCACCAC---CATGTTGGGGCTGCTTGA 
SLMHMA4-4      CACGACAACCATCATCACCAC---CATGTTGGGGCTGCTTGA 
AhHMA4-1       CACCA---CCACCACCA------TCACCATGTGAGTGCTTGA 
AhHMA4-2       CACCA---CCACCACCA------TCACCATGTGAGTGCTTGA 
AhHMA4-3       CACCA---CCACCACCACCACCATCACCATGTGAGTGCTTGA 
Supporting Alignment S1. Coding sequence alignment of HMA4s from A. thaliana, N. caerulescens accessions 
(La Calamine, Ganges, Col du Mas de l’Aire and Saint Laurent Le Minier) and A. halleri 
 
 
AtHMA4         MA----LQNKEEEKKKVKKLQKSYFDVLGICCTSEVPIIENILKSLDGVKEYSVIVPSRT 
LCHMA4-1       MALQKEIKNKEEDKKTKKKWQKSYFDVLGICCTSEIPLIENILKSLDGVKEYTVIVPSRT 
LCHMA4-2       MALQKEIKNKEEDKKTKKKWQKSYFDVLGICCTSEIPLIENILKSLDGVKEYTVIVPSRT 
GaHMA4-1       MALQKEIKNKEENKMTKKKWQKSYFDVLGLCCTSEIPLIENILKSLDGIKDYTIIVPSRT 
GaHMA4-2       MALQKEDKNKEENKMTKKTWQKSYFDVLGLCCTSEIPLIENILKSLDGIKDYTIIVPSRT 
GaHMA4-3       MASQKEIKNKEEDKKTKKKWQKSYFDVLGICCTSEIPVIENILKSLDGVKEYTVIVPSRT 
CMAHMA4-1      MASQKEIKNKEEDKKTKKKWQKSYFDVLGICCTSEIPVIENILKSLDGVKEYTVIVPSRT 
CMAHMA4-2      MATQKEDKNKEENKMTKKKWQKSYFDVLGICCTSEIPLIENILKSLDGIKDYTIIVPSRT 
SLMHMA4-1      MALQKEDKNKEENKMTKKKWQKSYFDVLGICCTSEIPLIENILKSLDGIKDYTIIVPSRT 
SLMHMA4-2      MALQKEIKNKEEDKKTKKKWQKSYFDVLGICCTSEIPVIENILKSLDGVKEYTVIVPSRT 
SLMHMA4-3      MALQKEDKNKEENKMTKKKWQKSYFDVLGICCTSEIPLIENILKSLDGIKDYTIIVPSRT 
SLMHMA4-4      MALQKEDKNKEENKMTKKKWQKSYFDVLGICCTSEIPLIENILKSLDGIKDYTIIVPSRT 
AhHMA4-1       MA----SQNKEEEKKKVKKLQKSYFDVLGICCTSEVPIIENILKSLDGVKEYSVIVPSRT 
AhHMA4-2       MA----SQNKEEEKKKVKKLQKSYFDVLGICCTSEVPIIENILKSLDGVKEYSVIVPSRT 
AhHMA4-3       MA----SQNKEEEKKKVKKLQKSYFDVLGICCTSEVPIIENILKSLDGVKEYSVIVPSRT 
 
AtHMA4         VIVVHDSLLISPFQIAKALNEARLEANVRVNGETSFKNKWPSPFAVVSGLLLLLSFLKFV 
LCHMA4-1       VIVVHDSLLISPFQIAKALNQARLEANVKVNGETSFKNKWPSPFAVVSGIFLLLSFLKFV 
LCHMA4-2       VIVVHDSLLISPFQIAKALNQARLEANVKVNGETSFKNKWPSPFAVVSGIFLLLSFLKFV 
GaHMA4-1       VIVVHDSLLISPFQIAKALNQARLEANVKVDGETSFKNKLPSPFAVFSGIFLLLSFLKFV 
GaHMA4-2       VIVVHDSLLISPFQIAKALNQARLEANVKVDGETSFKNKLPSPFAVFSGIFLLLSFLKFV 
GaHMA4-3       VIVVHDSLLISPFQIAKALNQARLEANVKVNGETSFKNKWPSPFAVVSGIFLLLSFLKFV 
CMAHMA4-1      VIVVHDSLLISPFQIAKALNQARLEANVKVNGETSFKNKWPSPFAVVSGIFLLLSFLKFV 
CMAHMA4-2      VIVVHDSLLISPFQIAKALNQARLEANVKVDGETSFKNKLPSPFAVFSGIFLLLSFLKFV 
SLMHMA4-1      VIVVHDSLLISPFQIAKALNQARLEANVKVDGETSFKNKLPSPFAVFSGIFLLLSFLKFV 
SLMHMA4-2      VIVVHDSLLISPFQIAKALNQARLEANVKVNGETSFKNKWPSPFAVVSGIFLLLSFLKFV 
SLMHMA4-3      VIVVHDSLLISPFQIAKALNQARLEANVKVDGETSFKNKLPSPFAVFSGIFLLLSFLKFV 
SLMHMA4-4      VIVVHDSLLISPFQIAKALNQARLEANVKVDGETSFKNKLPSPFAVFSGIFLLLSFLKFV 
AhHMA4-1       VIVVHDSLLISPFQIAKALNQARLEANVRVNGETNFKNKWPSPFAVVSGLLLLLSFLKFV 
AhHMA4-2       VIVVHDSLLISPFQIAKALNQARLEANVRVNGETNFKNKWPSPFAVVSGILLLLSFLKFV 
AhHMA4-3       VIVVHDSLLISPFQIAKALNQARLEANVRVNGETNFKNKWPSPFAVVSGILLLLSFLKFV 
 
AtHMA4         YSPLRWLAVAAVAAGIYPILAKAFASIKRPRIDINILVIITVIATLAMQDFMEAAAVVFL 
LCHMA4-1       YPPLRWLAVVGVAAGIYPILAKAVASIRRLRVDINILIIITVAATLAMQDYMEAAAVVFL 
LCHMA4-2       YPPLRWLAVVGVAAGIYPILAKAVASIRRLRVDINILIIITVAATLAMQDYMEAAAVVFL 
GaHMA4-1       YPPLRWLAVVGVATGIYPILAKSVASIRRLRVDINILVIITVAATLAMQDYMEAAAVVFL 
GaHMA4-2       YPPLRWLAVVGVATGIYPILAKSVASIRRLRVDINILVIITVAATLAMQDYMEAAAVVFL 
GaHMA4-3       YPPLRWLAVVGVAAGIYPILAKSVASIRRLRVDINILIIITVAATLAMQDYMEAAAVVFL 
CMAHMA4-1      YPPLRWLAVVGVAAGIYPILAKSVASIRRLRVDINILIIITVAATLAMQDYMEAAAVVFL 
CMAHMA4-2      YPPLRWLAVVGVATGIYPILAKSVASIRRLRVDINILVIITVAATLAMQDYMEAAAVVFL 
SLMHMA4-1      YPPLRWLAVVGVATGIYPILAKSVASIRRLRVDINILVIITVAATLAMQDYMEAAAVVFL 
SLMHMA4-2      YPPLRWLAVVGVAAGIYPILAKSVASIRRLRVDINILIIITVAATLAMQDYMEAAAVVFL 
SLMHMA4-3      YPPLRWLAVVGVATGIYPILAKSVASIRRLRVDINILVIITVAATLAMQDYMEAAAVVFL 
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SLMHMA4-4      YPPLRWLAVVGVATGIYPILAKSVASIRRLRVDINILVIITVAATLAMQDYMEAAAVVFL 
AhHMA4-1       YSPLRWLAVAAVAAGIYPILAKAFASIRRPRIDINILVIITVIATLAMQDFMEAAAVVFL 
AhHMA4-2       YSPLRWVAVAAVAAGIYPILAKAFASIRRLRLDINILVIITVIATLAMQDFMEAAAVVFL 
AhHMA4-3       YPPLRWLAVVAVAAGIYPILAKAFASIRRLRLDINILVIITVIATLAMQDFMEAAAVVFL 
 
AtHMA4         FTISDWLETRASYKATSVMQSLMSLAPQKAIIAETGEEVEVDEVKVDTVVAVKAGETIPI 
LCHMA4-1       FTIADWLETRASYKANSVMQSLMSLAPQKAVIAETGEEVEVDEVQLNTIIAVKAGETIPI 
LCHMA4-2       FTIADWLETRASYKANSVMQSLMSLAPQKAVIAETGEEVEVDEVQLNTIIAVKAGETIPI 
GaHMA4-1       FTIADWLETRASYKASSVMQSLMSLAPQKAVIAETGEEVEVDEVELNTIIAVKAGETIPI 
GaHMA4-2       FTIADWLETRASYKASSVMQSLMSLAPQKAVIAETGEEVEVDEVELNTIIAVKAGETIPI 
GaHMA4-3       FTIADWLETRASYKANSVMQSLMSLAPQKAVIAETGEEVEVDEVQLNTIIAVKAGETIPI 
CMAHMA4-1      FTIADWLETRASYKANSVMQSLMSLAPQKAVIAETGEEVEVDEVQLNTIIAVKAGETIPI 
CMAHMA4-2      FTIADWLETRASYKASSVMQSLMSLAPQKAVIAETGEEVEVDEVELNTIIAVKAGETIPI 
SLMHMA4-1      FTIADWLETRASYKASSVMQSLMSLAPQKAVIAETGEEVEVDEVELNTIIAVKAGETIPI 
SLMHMA4-2      FTIADWLETRASYKANSVMQSLMSLAPQKAVIAETGEEVEVDEVQLNTIIAVKAGETIPI 
SLMHMA4-3      FTIADWLETRASYKASSVMQSLMSLAPQKAVIAETGEEVEVDEVELNTIIAVKAGETIPI 
SLMHMA4-4      FTIADWLETRASYKASSVMQSLMSLAPQKAVIAETGEEVEVDEVELNTIIAVKAGETIPI 
AhHMA4-1       FTIADWLETRASYRATAVMQSLMSLAPQKAIIAETGEEVEVDEVKVSTVVAVKAGETIPI 
AhHMA4-2       FTIADWLETRASYRATAVMQSLMSLAPQKAIIAETGEEVEVDEVKVSTVVAVKAGETIPI 
AhHMA4-3       FTIADWLETRASYRATAVMQSLMSLAPQKAIIAETGEEVEVDEVKVSTVVAVKAGETIPI 
 
AtHMA4         DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYICVKTTSLAGDCVVAKMAK 
LCHMA4-1       DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVLAGTMNLNGYISVNTTALASDCVVAKMAK 
LCHMA4-2       DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVLAGTMNLNGYISVNTTALASDCVVAKMAK 
GaHMA4-1       DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYISVNTTALASDCVVAKMAK 
GaHMA4-2       DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYISVNTTALASDCVVAKMAK 
GaHMA4-3       DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVLAGTMNLNGYISVNTTALASDCVVAKMAK 
CMAHMA4-1      DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVLAGTMNLNGYISVNTTALASDCVVAKMAK 
CMAHMA4-2      DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYISVNTTALASDCVVAKMAK 
SLMHMA4-1      DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYISVNTTALASDCVVAKMAK 
SLMHMA4-2      DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVLAGTINLNGYISVNTTALASDCVVAKMAK 
SLMHMA4-3      DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYISVNTTALASDCVVAKMAK 
SLMHMA4-4      DGIVVDGNCEVDEKTLTGEAFPVPKQRDSTVWAGTINLNGYISVNTTALASDCVVAKMAK 
AhHMA4-1       DGIVVDGNCEVDEKTLTGEAFPVPKQKDSSVWAGTINLNGYISVKTTSLAGDCVVAKMAK 
AhHMA4-2       DGIVVDGNCEVDEKTLTGEAFPVPKQKDSSVWAGTINLNGYISVKTTSLAGDCVVAKMAK 
AhHMA4-3       DGIVVDGNCEVDEKTLTGEAFPVPKQKDSSVWAGTINLNGYISVKTTSLAGDCVVAKMAK 
 
AtHMA4         LVEEAQSSKTKSQRLIDKCSQYYTPAIILVSACVAIVPVIMKVHNLKHWFHLALVVLVSG  
LCHMA4-1       LVEEAQGSKTKSQRLIDKCSQYYTPAIIIISAGFAIVPAIMKVHNLNHWFHLALVVLVSA  
LCHMA4-2       LVEEAQGSKTKSQRLIDKCSQYYTPAIIIISAGFAIVPAIMKVHNLNHWFHLALVVLVSA  
GaHMA4-1       LVEEAQSSKTKSQRLIDKYSQYYTPAIIIISAGFAIVPLIMKVRNLNHWFHLALVVLVSA  
GaHMA4-2       LVEEAQSSKTKSQRLIDKYSQYYTPAIIIISAGFAIVPLIMKVRNLNHWFHLALVVLVSA  
GaHMA4-3       LVEEAQSSKTKSQRLIDXCSQYYTPAIIIISAGFAIVPAIMKVRNLNHWFHLALVVLVSA  
CMAHMA4-1      LVEEAQSSKTKSQRLIDKCSQYYTPAIIIISAGFAIVPAIMKVRNLNHWFHLALVVLVSA  
CMAHMA4-2      LVEEAQSSKTKSQRLIDKYSQYYTPAIIIISAGFAIVPLIMKVRNLNHWFHLALVVLVSA  
SLMHMA4-1      LVEEAQSSKTKSQRLIDKYSQYYTPAIIIISAGFAIVPAIMKVRNLNHWFHLALVVLVSA  
SLMHMA4-2      LVEEAQSSKTKSQRLIDKCSQYYTPAIIIISAGFAIVPAIMKVRNLNHWFHLALVVLVSA  
SLMHMA4-3      LVEEAQSSKTKSQRLIDKYSQYYTPAIIIISAGFAIVPAIMKVRNLNHWFHLALVVLVSA  
SLMHMA4-4      LVEEAQSSKTKSQRLIDKYSQYYTPAIIIISAGFAIVPAIMKVRNLNHWFHLALVVLVSA  
AhHMA4-1       LVEEAQSSKTKSQRLIDKCSQYYTPAIIVVSACVAIVPVIMKVHNLKHWFHLALVVLVSG  
AhHMA4-2       LVEEAQSSKTKSQRLIDKCSQYYTPAIIVVSACVAIVPVIMKVHNLKHWFHLALVVLVSG  
AhHMA4-3       LVEEAQSSKTKSQRLIDKCSQYYTPAIIVVSACVAIVPVIMKVHNLKHWFHLALVVLVSG 
 
AtHMA4         CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIVAFDKTGTITRGEFIVIDF 
LCHMA4-1       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
LCHMA4-2       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
GaHMA4-1       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
GaHMA4-2       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
  
()"
"
GaHMA4-3       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
CMAHMA4-1      CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
CMAHMA4-2      CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
SLMHMA4-1      CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
SLMHMA4-2      CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
SLMHMA4-3      CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
SLMHMA4-4      CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIEF 
AhHMA4-1       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIDF 
AhHMA4-2       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIDF 
AhHMA4-3       CPCGLILSTPVATFCALTKAATSGLLIKSADYLDTLSKIKIAAFDKTGTITRGEFIVIDF 
 
AtHMA4         KSLSRDINLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRPEEVEDYQNFPGEGIYG 
LCHMA4-1       KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
LCHMA4-2       KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
GaHMA4-1       KSLSRDISLSSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
GaHMA4-2       KSLSRDISLSSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
GaHMA4-3       KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
CMAHMA4-1      KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
CMAHMA4-2      KSLSRDISLSSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
SLMHMA4-1      KSLSRDISLSSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
SLMHMA4-2      KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
SLMHMA4-3      KSLSRDISLRSLLYWVSSVESKSSHPMATTIVDYAKSVSVEPRSEEVEDYHNFPGEGIYG 
SLMHMA4-4      KSLSRDISLSSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRSEEVEDYQNFPGEGIYG 
AhHMA4-1       KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRPEEVEDYQNFPGEGIYG 
AhHMA4-2       KSLSRDISLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRPEEVEDYQNFPGEGIYG 
AhHMA4-3       KSLSRDITLRSLLYWVSSVESKSSHPMAATIVDYAKSVSVEPRPEEVEDYQNFPGEGIYG 
 
AtHMA4         KIDGNDIFIGNKKIASRAGCSTVPEIEVDTKGGKTVGYVYVGERLAGFFNLSDACRSGVS  
LCHMA4-1       KIDGNNVYIGNKRIASRAGCSTVPEIEVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
LCHMA4-2       KIDGNNVYIGNKRIASRAGCSTVPEIEVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
GaHMA4-1       KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
GaHMA4-2       KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
GaHMA4-3       KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
CMAHMA4-1      KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
CMAHMA4-2      KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
SLMHMA4-1      KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
SLMHMA4-2      KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKKGKTVGYVYVGERLAGVFNLSDACRSGVA  
SLMHMA4-3      KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKEGKTVGYVYVDERLAGVFNLSDACRSGVA  
SLMHMA4-4      KIDGNNVYIGNKRIASRAGCSTVPEIDVDTKEGKTVGYVYVDERLAGVFNLSDACRSGVA  
AhHMA4-1       KIDGNDIYIGNKRIASRAGCSTVPEIEVDTKGGKTVGYVYVGERLAGVFNLSDACRSGVS  
AhHMA4-2       KIDGNDIYIGNKRIASRAGCSTVPETEIDTKGGKTVGYVYVGERLAGVFNLSDACRSGVS  
AhHMA4-3       KIDGNDIYIGNKRIASRAGCSTVPETEIDTKGGKTVGYVYVGERLAGVFNLSDACRSGVS  
 
AtHMA4         QAMAELKSLGIKTAMLTGDNQAAAMHAQEQLGNVLDVVHGDLLPEDKSRIIQEFKKEGPT 
LCHMA4-1       QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
LCHMA4-2       QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
GaHMA4-1       QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKSYKSLRKKGPT 
GaHMA4-2       QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
GaHMA4-3       QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
CMAHMA4-1      QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
CMAHMA4-2      QAMKELKDLGIKTAMLTGDNQDSAMHAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
SLMHMA4-1      QAMKELKDLGIKTAMLTGDNKDSAMHAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
SLMHMA4-2      QAMKELKDLGIKTAMLTGDNQDSAMQAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
SLMHMA4-3      QAMKELKDLGIKTAMLTGDNKDSAMHAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
SLMHMA4-4      QAMKELKDLGIKTAMLTGDNKDSAMHAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
AhHMA4-1       QAMKELKSLGIKTAMLTGDSQAAAMHAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
AhHMA4-2       QAMKELKSLGIKTAMLTGDSQAAAMHAQEQLGNVLDVVHGELLPEDKSKIIQEFKKEGPT 
AhHMA4-3       QAMKELKSLGIKTAMLTGDSQAAAMHAQEQLGNALDVVHGELLPEDKSKIIQEFKKEGPT 
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AtHMA4         AMVGDGVNDAPALATADIGISMGISGSALATQTGNIILMSNDIRRIPQAVKLARRARRKV 
LCHMA4-1       CMVGDGVNDAPALANADIGISMGISGSALATQTGHIILMSNDIRRIPQAIKLARRAQRKV 
LCHMA4-2       CMVGDGVNDAPALANADIGISMGISGSALATQTGHIILMSNDIRRIPQAIKLARRAQRKV 
GaHMA4-1       CMVGDGVNDAPALANADIGISMGISGSALATQSGHIILMSNDIRRIPKAIKLARRAQRKV 
GaHMA4-2       CMVGDGVNDAPALANADIGISMGISGSALATQSGHIILMSNDIRRIPKAIKLARRAQRKV 
GaHMA4-3       CMVGDGVNDAPALANADIGISMGISGSALATQTGHIILMSNDIRRIPQAIKLARRAQRKV 
CMAHMA4-1      CMVGDGVNDAPALANADIGISMGISGSALATQTGHIILMSNDIRRIPQAIKLARRAQRKV 
CMAHMA4-2      CMVGDGVNDAPALANADIGISMGISGSALATQSGHIILMSNDIRRIPKAIKLARRAQRKV 
SLMHMA4-1      CMVGDGVNDAPALANADIGISMGISGSALATQSGHIILMSNDIRRIPKAIKLARRAQRKV 
SLMHMA4-2      CMVGDGVNDAPALANADIGISMGISGSALATQTGHIILMSNDIRRIPQAIKLARRAQRKV 
SLMHMA4-3      CMVGDGVNDAPALANADIGISMGISGSALATQSGHIILMSNDIRRIPKAIKLARRAQRKV 
SLMHMA4-4      CMVGDGVNDAPALANADIGISMGISGSALATQSGHIILMSNDIRRIPKAIKLARRAQRKV 
AhHMA4-1       AMVGDGVNDAPALATADIGISMGISGSALATQTGHIILMSNDIRRIPQAVKLARRARRKV 
AhHMA4-2       AMVGDGVNDAPALATADIGISMGISGSALATQTGHIILMSNDIRRIPQAVKLARRARRKV 
AhHMA4-3       AMVGDGVNDAPALATADIGISMGISGSALATQTGHIILMSNDIRRIPQAVKLARRARRKV 
 
AtHMA4         VENVCLSIILKAGILALAFAGHPLIWAAVLVDVGTCLLVIFNSMLLLREKKKIGNKKCYR 
LCHMA4-1       LQNVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVILNSMLLLREKDKSKIKKCYR 
LCHMA4-2       LQNVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVILNSMLLLREKDKSKIKKCYR 
GaHMA4-1       LENVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVIFNSMLLLREKDKSKNKKCYR 
GaHMA4-2       LENVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVIFNSMLLLREKDKSKNKKCYR 
GaHMA4-3       LQNVIISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVILNSMLLLREKDKSKIKKCYR 
CMAHMA4-1      LQNVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVILNSMLLLREKDKSKIKKCYR 
CMAHMA4-2      LENVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVIFNSMLLLREKDKSKNKKCYR 
SLMHMA4-1      LENVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVIFNSMLLLREKDKSKNKKCYR 
SLMHMA4-2      LQNVIISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVILNSMLLLREKDKSKIKKCYR 
SLMHMA4-3      LENVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVIFNSMLLLREKDKSKNKNCYR 
SLMHMA4-4      LENVFISITLKVGILVLAFAGHPLIWAAVLTDVGTCLIVIFNSMLLLREKDKSKNKNCYR 
AhHMA4-1       IENVCLSIILKAGILALAFAGHPLIWAAVLVDVGTCLLVILNSMLLLREKKKIGNKKCYR 
AhHMA4-2       IENVSLSIILKAGILALAFAGHPLIWAAVLVDVGTCLLVIFNSMLLLREKKKIGNKKCYR 
AhHMA4-3       IENVCLSIILKAGILALAFAGHPLIWAAVLVDVGTCLLVILNSMLLLREKKKIGNKKCYR 
 
AtHMA4         ASTSKLNGRKLEGDDDYVVDLEAGLLTKSGNGQCKSSCCGDKKNQENVVMMKPSSKTSSD 
LCHMA4-1       --KKVEGGDDQ------GLDLEAGL---LSKSQCNSGCCGDKKSQEKVMLMRPASKTSSD 
LCHMA4-2       --KKLEGVDDQ------GLDLEAGL---LSKSQCNSGCCGDKKSQEKVMLMRPASKTSSD 
GaHMA4-1       ASTSVLNGKKLEGDDEEGLDLEAGL---VSKSQCNSGCCGDKNSQGKVMLMRPASKTSTD 
GaHMA4-2       ASTSVLNGKKLEGDDEEGLDLEAGL---VSKSQCNSGCCGDKNSQGKVMLMRPASKTSTD 
GaHMA4-3       --KKLEGVDDQ------GLDLEAGL---LSKSQCNSGCCGDKKSQEKVMLMRPASKTSSD 
CMAHMA4-1      --KKLEGGDDQ------GLDLEAGL---FSKSQCNSGCCGDKKSQEKVMLMRPASKTSTD 
CMAHMA4-2      ASTSVLNGKKLEGDDEEGLDLEAGL---VSKSQCNSGCCGDKKSQEKVMLMRPASKTSTD 
SLMHMA4-1      ASTSVLNGKKLEGDDEEGLDLEAGL---VSKSQCNSGCCGDKKSQEKVMLMRPASKTSTD 
SLMHMA4-2      --KKLEGVDDQ------GLDLEAGL---LSKSQCNSGCCGDKKSQEKVMLMRPASKTSSD 
SLMHMA4-3      ASTSVLNGKKLEGGDDQGLDLEAGL---FSKSQCNSGCCGDKKSQEKVMLMRPASKTSTD 
SLMHMA4-4      ASTSVLNGKKLEGDDEEGLDLEAGL---VSKSQCNSGCCGDKKSQEKVMLMRPASKTSTD 
AhHMA4-1       ASTSMLNGRKLEGDDDDAVDLEAGLLTKSGNGQCKSSCCGDKKNQEKVVMMKPSSKTSSD 
AhHMA4-2       ASTSMLNGRKLEGDDDDAVDLEAGLLTKSGNGQCKSSCCGDKKNQEKVVMMKPSSKTSSD 
AhHMA4-3       ASTSMLNGRKLEGDDDDAVDLEAGLLTKSGNGQCKSSCCGDKKNQEKVVMMKPSSKTSSD 
 
AtHMA4         HSHPGCCGDKKEEKVKPLVKDGCCSEKTRKSEGDMVSLSSCKKSSHVKHDLKMKGGSGCC 
LCHMA4-1       HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDLKM---KGGSSCC 
LCHMA4-2       HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDLKM---KGGSSCC 
GaHMA4-1       HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDLKM---KGGSSCC 
GaHMA4-2       HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDLKM---KGGSSCC 
GaHMA4-3       HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDIKM---KGGSSCC 
CMAHMA4-1      HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDLKM---KGGSSCC 
CMAHMA4-2      HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPEGDMASLSSCKKSNNDLKM---KGGSSCC 
SLMHMA4-1      HLHSGCCGEKKQESVKL-VKDSCCGEKSRKQEGDMASLSSCKKSDNDLKM---KGGSSCC 
SLMHMA4-2      HLHSGCCGEKKQESVKL-VKDSCCGEKSRKPVGDMASLSSCKKSNNDLKM---KGGSSCC 
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SLMHMA4-3      HLHSGCCGEKNQESVKL-VKDSCCGEKSKKPEGDMASLSSCKNSNNDLKM---KGGSSCC 
SLMHMA4-4      HLHSGCCGEKNQESVKL-VKDSCCGEKSKKPEGDMASLSSCKNSNNDLKM---KGGSSCC 
AhHMA4-1       HSHPGCCGDKKQGNVKPLVRDGGCSEETRKAVGDMVSLSSCKKSSHVKHDLKMKGGSGCC 
AhHMA4-2       HSHPGCCGDKKQGNVKPLVRDGGCSEETRKAVGDMVSLSSCKKSSHVKHDLKMKGGSGCC 
AhHMA4-3       HSHPGCCGDKKQGNVKPLVRDGGCSEETRKAVGDMVSLSSCKKSSHVKHDLKMKGGSGCC 
 
AtHMA4         ASKNEK-GKEVVAKSCCEKPKQQVESVGDCKSGHCEKKKQAEDIVVPVQIIGHALTHVEI  
LCHMA4-1       ASKNEKLKEAVVAKSCCED------KEKTEGN------VEMQILNLEKGSQKKV------  
LCHMA4-2       ASKNEKLKEVVVAKSCCED------KEKAEGN------VEMQILNLEKGSQKKV------  
GaHMA4-1       ASKNEKLKEVVVAKSCCED------KEKAEGN------VEMQILDLEKGSQKKV------  
GaHMA4-2       ASKNEKLKEVVVAKSCCED------KEKAEGN------VEMQILDLEKGSQKKV------  
GaHMA4-3       ASKNEKLKEVVVAKSCCEE------KEKAEGN------VEMQILNLEKGSQKKV------  
CMAHMA4-1      ASKNEKLKEVVVAKSCCGE------KEKAEGN------VEMQILNLEKGSQKKV------  
CMAHMA4-2      ASKNEKLKEVVVAKSCCED------KEKAEGN------VEMQILDLEKGSQKTV------  
SLMHMA4-1      ASKNEKLKEVAVAKTCCED------KEKAEGN------VEMQILDLEKGSQKKV------  
SLMHMA4-2      ASKNEKLKEVVVAKSCCEE------KEKAEGN------VEMQILNLEKGSQKKV------  
SLMHMA4-3      ASKNEKLKEVVVAKSCCGE------KEKAEGN------VEMQILNLEKGSQKKV------  
SLMHMA4-4      ASKNEKLKEVVVAKSCCGE------KEKAEGN------VEMQILNLEKGSQKKV------  
AhHMA4-1       ANKSEK-VEEVVAKSCCEKPKQQMESAGDCKSSHCEEKKHAEEIVLPVQMIGQALTGLEI  
AhHMA4-2       ANKSEK-VEEVVAKSCCEKPKQQMESAGDCKSSHCEEKKHAEEIVLPVQMIGQALTGLEI  
AhHMA4-3       ANKSEK-VEEVVAKSCCEKPKQQMESAGDCKSSHCEEKKHAEEIVLPVQMIGQALTGLEI  
 
AtHMA4         ELQTKETCKTSCCDSKEKVKETGLLLSSENTPYLEK--------GVLIKDEGNCKSGSEN  
LCHMA4-1       ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
LCHMA4-2       ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
GaHMA4-1       ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
GaHMA4-2       ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
GaHMA4-3       ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
CMAHMA4-1      ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
CMAHMA4-2      ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKE-----------------------  
SLMHMA4-1      ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD  
SLMHMA4-2      ----GETCKSSCCGDKEKAKETRLVLASEDPSYLEKEERQTTEANIVTVKQSCHEKASLD 
SLMHMA4-3      ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKE-----------------------  
SLMHMA4-4      ----GETCKSSCCGDKEKAKETRLLLASEDPSYLEKE-----------------------  
AhHMA4-1       ELQTKETCKTRCCDNKEKAKKKGLLLSSEDTSYLEK--------GVLIKDEGNCKSACQK  
AhHMA4-2       ELQTKETCKTRCCDNKEKAKKKGLLLSSEDTSYLEK--------GVLIKDEGNCKSACQK  
AhHMA4-3       ELQTKETCKTRCCDNKEKAKKKGLLLSSEDTSYLEK--------GVLIKDEGNCKSACQK  
 
AtHMA4         MGTVKQS----CHEK---------GCSDEKQTGEITLASEEETD---DQDCSSGCCVNEG  
LCHMA4-1       IETGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
LCHMA4-2       IETGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
GaHMA4-1       IETGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
GaHMA4-2       IETGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
GaHMA4-3       IETGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
CMAHMA4-1      IETGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      IETGVTCDLKLVCCGDIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLTSEEDSVDCSSG  
SLMHMA4-2      IENGVTCDLKLVCCGNIEVGEQSDLEKGMKLKGEGQCKSDCCGDEIPLASEEDSVDCSSG  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       TGTVKES----CHEKAPLDIETKLVSCGNTEGEVGEQTDLEIKI---EGDCKSGCCSDEK  
AhHMA4-2       TGTVKQS----CHEKAPLDIETKLVSCGNTEGEVGEQTDLEIKI---EGDCKSGCCSDEK  
AhHMA4-3       TGTVKQS----CHEKAPLDIETKLVSCGNTEGEVGEQTDLEIKI---EGDCKSGCCSDEK  
 
AtHMA4         TVKQSFDEKKHSVLVEKEGLDMETGFCCDAKLVCCGNTEGEVKEQCRLEIK----KEEHC  
LCHMA4-1       CCGNKEELTQICHEK-----TCLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
LCHMA4-2       CCGNKEELTQICHEK-----TCLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
GaHMA4-1       CCGNREELTQICHEK-----TCLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
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GaHMA4-2       CCGNKEELTQICHEK-----ACLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
GaHMA4-3       CCGNKEELTQICHEK-----ACLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
CMAHMA4-1      CCGNKEELTQICHEK-----ACLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
CMAHMA4-2      ------------------------------------------------------------ 
SLMHMA4-1      CCGNKEELTQICHEK-----ACLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
SLMHMA4-2      CCGNKEELTQICHEK-----ACLDIVSCDSKLVCCGETEVEVREQCDLKKGLQIKNEGQC  
SLMHMA4-3      ------------------------------------------------------------ 
SLMHMA4-4      ------------------------------------------------------------ 
AhHMA4-1       QTGEI---TLASEEE-----TDSTDCSSG---CCMDKEEV--TQICGLETE----GGGDC  
AhHMA4-2       QTGEI---TLASEEE-----TDSTDCSSG---CCMDKEEV--TQICGLETE----GGGDC  
AhHMA4-3       QTGEI---TLASEEE-----ADSTDCSSG---CCMDKEEV--TQICGLETE----GGGDC  
 
AtHMA4         KSGCCGEE---------------IQTGEITLVSEEETESTNC-----ST-GCCVD-KEEV  
LCHMA4-1       KSVCCGDEKKTEEITEE----TDNLKSESGDDCKSLCCGTGLKQEGSSSLVNVVVESGES  
LCHMA4-2       KSVRCGDEKKTEEITEE----TDNLKSESGDDCKSLCCGTGLKQEGSSSLVNVVVESGES  
GaHMA4-1       KSVCCGDEKKTEEITEE----TDNLKSESGDDCKSLCCGTGLKHEGSSSLVNVVVESGES  
GaHMA4-2       ESVCCGDEKKTEEITLVSDEETDNLKSESGGDSKALCCGTGLKQEGSSSLVNVVVESGES  
GaHMA4-3       ESVCCGDEKKTEEITLVSDEETDNLKSESGGDSKALCCGTGLKQEGSSSLVNVVVESGES  
CMAHMA4-1      ESVCCGDEKKTEEITLVSDEETDNLKSESGGDSKALCCGTGLKQEGSSSLVNVVVESGES  
CMAHMA4-2      -----------------------NLKSESGDDCKSLCCGTGLKQEGSSSLVNVVVESGES  
SLMHMA4-1      KSVCCGDEKKTEEITEE----TDNLKSESGDDCKSLCCGTGLKQEGSSSLVNVVVESGES  
SLMHMA4-2      ESVCCGDEKKTEEITLVSDEETDNLKSESGGDSKALCCGTGLKQEGSSSLVNVVVESGES  
SLMHMA4-3      -----------------------NLKSESGDDCKSLCCGTGLKQEGSSSLVNVVVESGES  
SLMHMA4-4      -----------------------NLKSESGDDCKSLCCGTGLKQEGSSSLVNVVVESGES  
AhHMA4-1       KSHCCG-------------------TGLTQEGSS--KLGNVESAQSGGC-GTVKV-SSQS  
AhHMA4-2       KSHCCG-------------------TGLTQEGSS--KLGNVESAQFGGC-GTVKV-SSQS  
AhHMA4-3       KSHCCG-------------------TGLTQEGSS--KLGNVETAQSGGC-GTVKV-SSQS  
 
AtHMA4         TQTCHEKPASLVVSGLEVKKDEHCESSHR-----AVKVETCCKVKIPEACASKCRDRAK-  
LCHMA4-1       GSSCCSKEGEIVKVS--SQSCCASPSDVVLSDFQAKKLEICCEVKKTPEEVCGSKCKETE  
LCHMA4-2       GSSCCSKEGEIVKVS--SQSCCASPSDVVLSDLEVKKLEICCKAKKTPEEVRGSKCKETE  
GaHMA4-1       GSSCCSKEGEIVKVS--SQSCCTSPSDVVLSDLQAKKLEICCKVKKTPEEVCGSKCKATE  
GaHMA4-2       GSSCCSKEGEIVKVS--SQSRCTSPSDVVLSDLQAKKLEICCKVKKTLEEVRGSKCKETE  
GaHMA4-3       GSSCCSKEGEIVKVS--SQSRCTSPSDVVLSDLQAKKLEICCKVKKTLEEVRGSKCKETE  
CMAHMA4-1      GSSCCSKEGEIVKVS--SQSRCTSPSDVVLSDLQAKKLEICCKVKKTLEEVRGSKCKETE  
CMAHMA4-2      GSSCCSKEGEIVKVS--SQSCCTSPSDVVLSDFQAKKLEICCEVKKTPEEVCGSKCKETE  
SLMHMA4-1      GSSCCSKEGEIVKVS--SQSCCTSPSDVVLSDFQAKKLEICCKVKKTPEEVCGSKCKATE  
SLMHMA4-2      GSSCCSKEGEIVKVS--SQSRCTSPSDVVLSDLQAKKLEICCKVKKTLEEVRGSKCKETE  
SLMHMA4-3      GSSCCSKEGEIVKVS--SQSCCTSPSDVVLSDFQAKKLEICCEVKKTPEEVCGSKCKETE  
SLMHMA4-4      GSSCCSKEGEIVKVS--SQSCCTSPSDVVLSDFQAKKLEICCEVKKTPEEVCGSKCKETE  
AhHMA4-1       CCTSSTDLVL---SDLQVKKDEHCKSSHG-----AVKVETCCKVKIPEACASECKEKEK-  
AhHMA4-2       CCTSSTDLVL---SDLQVKKDEHCESSHG-----AVKVETCCKVKIPEACAPECKEKEK-  
AhHMA4-3       CCTSSTDLVL---SDLQVTKDEHCESSHG-----AVKVETCCKVKIPEACAPECKEKEK-  
 
AtHMA4         --RHSGKSCCRSYAKELCSHRHHHHHHHHHHHVSA  
LCHMA4-1       KRHHVGKSCCRSYAKEHCSHRHHHHHHHHHHVGAA  
LCHMA4-2       KRHHVGKSCCRSYAKEYCSHRHHHHHHHHHVGAA-  
GaHMA4-1       KPHHVGKSCCRSYAKEYCSHRHHDNHVGAA-----  
GaHMA4-2       KPHHVGKSCCRSYAKEYCSHRHHDNHVGAA-----  
GaHMA4-3       KPHHVGKSCCRSYAKEYCSHRHHHHHHHHHVGAA-  
CMAHMA4-1      KPHHVGKSCCRSYAKEYCSHRHHHHHHHHHVGAA-  
CMAHMA4-2      KPHHVGKSCCRSYAKEYCSHRHHDNHHHHHVGAA-  
SLMHMA4-1      KPHHVGKSCCRSYAKEYCSHRHHDNHHHHHVGAA-  
SLMHMA4-2      KPHHVGKSCCRSYAKEYCSHRHHHHHHHHHVGAA-  
SLMHMA4-3      KPHHVGKSCCRSYAKEYCSHRHHDNHHHHHVGAA-  
SLMHMA4-4      KPHHVGKSCCRSYAKEYCSHRHHDNHHHHHVGAA-  
AhHMA4-1       --RHSGKSCCRSYAKEFCSHRHHHHHHHHVSA---  
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AhHMA4-2       --RHSGKSCCRSYAKEFCSHRHHHHHHHHVSA---  
AhHMA4-3       --RHSGKSCCRSYAKEFCSHRHHHHHHHHHHVSA-  
Supporting Alignment S2. Amino acid sequence alignment of HMA4s from A. thaliana, N. caerulescens 
accessions (La Calamine, Ganges, Col du Mas de l’Aire and Saint Laurent Le Minier) and A. halleri 
 
 
SUPPORTING SEQUENCES 
 
Supporting Sequence S1. La Calamine HMA4 promoter 1 
 
gcaagaaggacattgtaactatggtgcactttgccttaacaaaaatacattgttgccctttttatttgttttacctttacacaatttaactttatattttaccatttacacaatttat
ctctctccacgataaatccttctctctcttcttttctttctccactttattcatctccactttattcatctccactttccttctctctttgcttcctacaaattctctgtctttctcattttc
caccaggttcttcttccaccaataaagattgggagggacaatggttgcgtaaagacattatgccttgaataagtgtttgtgtatgccctttttcaaaaaaagaaaaaaga
ataagtgtttgtgaacaaaatatcttggacagaattttagagtatatcacgtagatcgtggacaatatgccatggacaatgggtgtgtgaacatatatattccgacatata
acaataaaatatgtacacaagcttcgattttcacctctgatacacaattcatccacatctttattatgtccaaacaaaagtaatccacggcaattaatctacataatttggct
ctctctttgattcttccactcttactttcatctttttatttccgtaatcacaagcaacaatgtttcattttcacttctcgttatcatcatatattacaattttctacccatgttaacccta
tcaaaacaccaattggatacatgaaaacaattcaatcccacaccaaaccagaaatcgttttaatttctagcttcagtttcagaaaccaatttacgccaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaaaaaatttacgccaaaaacgttggttactgtgaaacacacaccaaaccagaaatcaccatcaacagaaatagccaaattcatccac
aattgtataagtaaccgtacaaacgtatataacaaagcgtacacatattttcaattgtccaaaaacacattgtactccaattaaacgaagctaccagatccatgtcctctc
ccagaacagaaaataaacactcgtcaagataaccaaatatcatattatttatgaataagtaaaagtgtaaaactcatgcgatgcaatttcctccagccgtatcagtctct
aagtggaaattgtgaaagtccaccactttcacaatttccctcttataaaagtcactcttactgtaaatgactcctgttagaactacctaaaagcaggttatggaattcgttg
gtcaaataaatttgaaaaaaaaacaaattataaattgttatgaaagaaaatatctcgtacacaagtgtcaccaagtgtaagggacccaaatctttgttgaaagaagatg
aagttaacaaaaatacttttgccttctctctctctccatcgaatactattatcccactttgcttccctctctcttttaatatctcacctttataataaaaagctgataattcgaaaa
tgttaaagaacaaaaaccaatcatctaacattctgacttatctacaggggcggcttattagagtggggtcaatagatgctctgcactaggtgacgtagaaaaacaaaa
ttttagtacagaaaaaagaatacaaacaaaaattagtagaaaaaaaagtacacttaaaaatatagttttaattttgcacttacgtatacttataaaatttttgacccggccct
gcttatccggctatataaagcaactaccatttctagatatcttcacctcacaatcttcctctctacgttctaaaacctctctcactctcagtcttcacctttgtggtaatacttta
atctgatcgaaccgcaccaaaccggtccggtctttcttctcggcctcgtcttttctccggtattctttctcttcttaattcacataaatttcataacaagtgatttcttcgtaaa
aattaaaatccgatcaaattcacgatagtgatatctccaacacgttatatgcatcccagcataaaagttttgctttcttaatttttttcccttaaaagattggaaaagtagcca
ttaatcccataataatctctttttgcgatgtgatttatttttttctttttagatttccgtttcacagattcgttaatcatataaaactttgatacagaaATG 
 
Supporting Sequence S2. La Calamine HMA4 promoter 2 
 
gcaagaaggacattgtaactatggtgcactttgccttaacaaaaatacattgttgccctttttatttgttttacctttacacaatttaactttatattttaccatttacacaatttat
ctctctccacgataaatccttctctctcttcttttctttctccactttattcatctccactttattcatctccactttccttctctctctgcttcctacaaattctctgtctttctcattttc
caccaggttcttcttccaccaataaagattgggagggacaatggttgcgtaaagacattatgccttgaataagtgtttgtgtatgccctttttcaaaaaaagaaaaaaga
ataagtgtatgtgaacaaaatatcttggacagaattttagagtatatcacgtagatcgtggacaatatgccatggacaatgggtgtgtgaacatatatattccgacatat
aacaataaaatatgtacacaagcttcgattttcacctctgatacacaattcatccacatctttattatgtccaaacaaaagtaatccacggcaattaatctacataatttggc
tctctctttgattcttccactcttactttcatctttttatttccgtaatcacaagcaacaatgtttcattttcacttctcgttatcatcatatattacaattttctacccatgttaaccct
atcaaaacaccaattggatacatgaaaacaattcaatcccacaccaaaccagaaatcgttttaatttctagcttcagtttcagaaaccaatttatgccaaaaacattggtt
actgtgaaacacatgcacaccaaaccagaaatcaccatcaacagaaatagccaaattcatccacaattgtataagtaaccggtaaagtaaccggtacaaacgtatat
aacaaggcgtacacatattttcaattgtccaaacacacattgtactccaattaaacgaagctaccagatccatgtcctctcccagaacagaaaataaacactcgtcaag
ataaccaaatatcatattatttatgaataagtaaaagtgtaaaactcatgcgatgcaatttcctccagccgtatcagtctctaagtggaaattgtgaaagtccaccactttc
acaatttccctcttataaaagtcactcttactgtaaatgactcctgttagaactacctaaaagcaggttatggaattcgttggtcaaatgaatttgaaaaaaaaacaaatta
taaattgttatgaaagaaaatatctcgtacacaagtgtcaccaagtgtaagggacccaaatctttgttgaaagaagatgaagttaacaaaaatacttttgccttctctctct
ctccatcgaatactattatcccactttgcttccctctctcttttaatatctcacctttataataaaaagctgataatttcgaaaatgttaaagaacaaaaaccaatcatctaag
agcatccgcatcgctcatccccactgaggttctgttatttaaaagaaaagaaaaaaattaaataataatgagctggcatagaaaaattaaacaatcgattctctaggaa
gcatttttggagtcgagtctgctatagggttctgtcacgtgtcacgccacaattgaatccttatttttttatttttattttttacctcgaaaatcatttttattaataaaaaaaatta
aagagctcgcgtgtggggatgagcgatgcggatgctctaacattctgacttatctacaggggcggcttattagagtggggtcaatagatgctctgcactaggtgacg
tagaaaaacaaaattttagtacagaaaaaagaatacaaacaaaaattagtagaaaaaaaagtacacttaaaaatatagttttaattttgcacttacgtatacttataaaatt
tttgacccggccctgcttatccggctatataaagcaactaccatttctagatatcttcacctcacaatcttcctctctacgttctaaaacctctctcactctcaaactttaatct
gatcgaaccgcaccaaaccggtccggtctttcttctcggcctcgtcttttctccggtattctttctcttcttaattcacataaatttcataacaagtgatttcttcgtaaaaatt
aaaatccgatcaaattcacgatagtgatatctcctacacgttatatgcatcccagcataaaagttttgctttcttaatttttttcccttaaaagattggaaaagtagccattaa
tcccataataatctctttttgcgatgtgatttatttttttctttttagatttccgtttcacagattcgttaatcatataaaactttgatacagaaATG 
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Supporting Sequence S3. La Calamine HM4 promoter 3 
 
gcaagaaggacattgtaactatggtgcactttgccttaacaaaaatacattgttgccctttttatttgttttacctttacacaatttaactttatattttaccatttacacaatttat
ctctctccacgataaatccttctctctcttcttttctttctccactttattcatctccactttattcatctccactttccttctctctctgcttcctacaaattctctgtctttctcattttc
caccaggttcttcttccaccaataaagattgggagggacaatggttgcgtaaagacattatgccttgaataagtgtttgtgtatgccctttttcaaaaaaagaaaaaaga
ataagtgtatgtgaacaaaatatcttggacagaattttagagtatatcacgtagatcgtggacaatatgccatggacaatgggtgtgtgaacatatatattccgacatat
aacaataaaatatgtacacaagcttcgattttcacctctgatacacaattcatccacatctttattatgtccaaacaaaagtaatccacggcaattaatctacataatttggc
tctctctttgattcttccactcttactttcatctttttatttccgtaatcacaagcaacaatgtttcattttcacttctcgttatcatcatatattacaattttctacccatgttaaccct
atcaaaacaccaattggatacatgaaaacaattcaatcccacaccaaaccagaaatcgttttaatttctagcttcagtttcagaaaccaatttatgccaaaaacattggtt
actgtgaaacacatgcacaccaaaccagaaatcaccatcaacagaaatagccaaattcatccacaattgtataagtaaccggtacaaacgtatataacaaggcgtac
acatattttcaattgtccaaacacacattgtactccaattaaacgaagctaccagatccatgtcctctcccagaacagaaaataaacactcgtcaagataaccaaatatc
atattatttatgaataagtaaaagtgtaaaactcatgcgatgcaatttcctccagccgtatcagtctctaagtggaaattgtgaaagtccaccactttcacaatttccctctt
ataaaagtcactcttactgtaaatgactcctgttagaactacctaaaagcaggttatggaattcgttggtcaaatgaatttgaaaaaaaaacaaattataaattgttatgaa
agaaaatatctcgtacacaagtgtcaccaagtgtaaggggacccaaatctttgttgaaagagatgaagttaacaaaaatacttttgccttctctctctctccatcgaata
ctattatcccactttgcttccctctctcttttaatatctcacctttataataaaaagctgataatttcgaaaatgttaaagaacaaaaaccaatcatctaagagcatccgcatc
gctcatccccactgaggttctgttatttaaaagaaaagaaaaaaattaaataataatgagctggcatagaaaaattaaacaatcgattctctaggaagcatttttggagt
cgagtctgctataggttctgtcacgtgtcacgccacaattgaatccttattttttttatttttattttttacctcgaaaatcatttttattaataaaaaaaaattaaagagctcgcg
tgtggggatgagcgatgcggatgctctaacattctgacttatctacaggggcggcttattagagtggggtcaatagatgctctgcactaggtgacgtagaaaaacaa
aattttagtacagaaaaaagaatacaaacaaaaattagtagaaaaaaaagtacacttaaaaatatagttttaattttgcacttacgtatacttataaaatttttgacccggc
cctgcttatccggctatataaagcaactaccatttctagatatcttcacctcacaatcttcctctctacgttctaaaacctctctcactctcaaactttaatctgatcgaaccg
caccaaaccggtccggtctttcttctcggcctcgtcttttctccggtattctttctcttcttaattcacataaatttcataacaagtgatttcttcgtaaaaattaaaatccgatc
aaattcacgatagtgatatctcctacacgttatatgcatcccagcataaaagtttgctttcttaattttttcccttaaaagattggaaaagtagccattaatcccataataatc
tcttttgcgatgtgatttatttttttctttttagatttccgtttcacagattcgccattaatcccataataatcttgatttgtttttttatttttagatttccgtttcacagattcgccatta
atcccataataatctctttttataatgtgatttgtttttttctttttagatttccgtttcacagattcgttaatcataaaaaactttgatacagaaATG 
 
Supporting Sequence S4. Ganges HMA4 promoter 1 
 
gcgaggatcatgtgtctaaactagcgacgtatcggacaagttttatcctcgccccatattcaaactgataatgttttataatctcacttttcttttgtaaccattttatataaag
tgttaatagatatataccatatttttatcccaaaaacttagaatatgtagttgttttgataaaactctaattgatcatctactccataaaaagctaatttcgaaatttataaaaca
aagtcacatgcacaaacaacttatcttgtgattaaggatgtttttacttatgactcagctaggttcaaatctcaaaaacatagccaattcaaattttatgaagttccgtacta
ctgtaaaatgagccatcaatcgtttttaaaaaggagttagattagactagtctataatccattatagtgaaaactgctacacaaaatatcatacttttatatagtgctaatgt
aatcgattttaaaataaacttacagttttatattcttggaaattactgaaaacaataagaaattacatcttgataggaactaggttgaaaattcggaaggaatataggaatt
cgaaacaaagattaaaatatcctacgaaattaacatagtaaaaaaaaaaactaaaccaaataaaaaaagtttaacgtaaaaagaaaagttttaattcaaagaatccaa
actaaccacaacttttgaaacataatccataaatgttaggtttagaacggcttttacagatttagtaactattctcaaatcatttagtacgtctttcttaaacttctaagaacca
aatttgtggtatatatttgatatatttgagttatctttttcgttcgactttgatgtaattgaattttttgggggatttcgggaaagcaaaatatacatttcggtactgttagaacga
gaaaattacatcaataaggactttttgacttatcttattacagcaagaaggacagtgtaactatggtgcactttgccttaacaaaaatacattgttgctctttttatttgtttta
cctttacacaatttaactttatattttaccagttacacaatttatctctctccacgataaatccttctctctcttcttttctttctccactttattcatctccactttccttatctctttgc
ttcctacaaattctctgtctttctcattttccactaggttcttcttccaccaataaagattgggacaagggttgcgtaaagacattattatgccttgaataagtgtttgtgtatg
catgccctttttcaaaaaaaaaaaaaaagaataagtgtttgtgaacaaaatatcttggatagaattttagaatatgattgacaaaaaaaaaaaagaattttagaatatatc
acgtagatcgtggacaatatgccatggacaatatgggtgtgtgaacatatatatattcagacatataacaataaaatatgtacacaagcttcgattttcacctctgataca
caattcatccacatctttattatgtccaaacaaaagtaatccacggcaattaatctacataatttggctttctctttgattcttccactcttactttcatctttttatttccgtaatc
acaagcaacaatgtttcattttcacttctcgttatcatcatatattacaattttctacccatgttaaccctattaaaacaccaattggatacatgaaaacaattcaatcccaca
ccaaaccagaaatcgttttaatttctagcttcagtttcagaaaccaatttacgccaaaaacgttgtttactgtgaaacacacaccaaaccaaaaatcaccatcacaaaaa
tagccaaattcatccataattgtataagtaaccgtacaaacgtatataacaaagcgtacacatgttttcaattgtccaaaaacacattttactacaattaaacgaagctatc
agatccatgtcctctcccagaaaagaaaataaacactcgtcaagataaccatattatttatgaataagtaaaattcatgcgatgcaatttcctccagccgtatcagtctct
acgtggtgcggtcgccagagttaaattaaaagacaccaaccaaaataatctgatttttcacccctttttcattaaaggtaaaatggaactctcaacacactataagcaaa
aaagaaaaaaagtccaccactttcacaatttccctcttataaaagtcactcttagtgtaaatgacaaatgactcctgttagaactacctaaaagcaggttatggaattcgt
tggtcaaatgaattaaaaaaaaaaaaaaacaaattataaattgttatgaaagaaaatatctcgtacacaagtgtcaccaagtataagggacccatctttgttgaaagaa
gatgaagttaacaaaaaaacttttgccttctctctctctccatcgaatactactattatcccataataatctctttttgcgatgtgatttatttttttctttttagatttccgtttcaca
gattcgttaatcataaaaaactttgatacagaaATG 
 
Supporting Sequence S5. Ganges HMA4 promoter 2 
 
gcgaggatcatgtgtctaaactagcgacgtatcggacaagttttatcctcgccccatattcaaattgataatgttttataatctcacttttcttttgtaaccattttatataaag
tgttaatagatatataccatatttttatcccaaaaacttaagagtatgtagttgttttgataaaactctaattgatcatctactccataaaaagctaatttcgaaatttataaaac
aaagtcacatgcacaaacaacttatcttgtgattaaggatgtttttacttatgactcagctaggttcaaatctcaaaaacatagccaattcaaattttatgaagttcggtact
actgtaaattgagccaccaatcgtttttaaaaaggagttcgattagactagtctataatccattatagtgaaaattgctacacaaaatatcatacttttatatagtgctaatgt 
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aatcgattttaaaataaacttatagttttatattcttggaaattactgaaaacaaaaagaaactacattttgataggaactagcctgaaaattcggaaggaaaataggaatt
cgaaacaaagattaaaatatcctacgaaattaacatggtaaaaaaaactaaaccaaataaaaaaagtttaacgtaaaaagaaaagttttaattcaaaagaatccagac
taaccacaacttttgaagcataatccataaatgttaggtttagaacgacttttaaagatttagtaactattttcaaatcatttagtacgtctttcttttttttttttggctcaaacat
aacagatttcattagaaatgatttcattagtacgtctttcttaaacttctaagaaccaaatttgtggtatatatttgatatatttgagttatctttttcgttcgactttgatgtaattg
aattttttgggggatttcgggaaagcaaaatatacatttcggtactgttagaacgagaaaattacatcaataaggactttttgacttatcttattacagcaagaaggacag
tgtaactatggtgcactttgccttaacaaaaatacattgttgctctttttatttgttttacctttacacaatttaactttatattttaccagttacacaatttatctctctccacgata
aatccttctctctcttcttttctttctccactttattcatctccactttccttatctctttgcttcctacaaattctctgtctttctcattttccactaggttcttcttccaccaataaaga
ttgggacaagggttgcgtaaagacattattatgccttgaataagtgtttgtgtatgcatgccctttttcaaaaaaaaaaaaaaagaataagtgtttgtgaacaaaatatctt
ggatagaattttagaatatgattgacaaaaaaaaaaaagaattttagaatatatcacgtagatcgtggacaatatgccatggacaatatgggtgtgtgaacatatatata
ttcagacatataacaataaaatatgtacacaagcttcgattttcacctctgatacacaattcatccacatctttattatgtccaaacaaaagtaatccacggcaattaatcta
cataatttggctttctctttgattcttccactcttactttcatctttttatttccgtaatcacaagcaacaatgtttcattttcacttctcgttatcatcatatattacaattttctaccc
atgttaaccctattaaaacaccaattggatacatgaaaacaattcaatcccacaccaaaccagaaatcgttttaatttctagcttcagtttcagaaaccaatttacgccaa
aaacgttgtttactgtgaaacacacaccaaaccaaaaatcaccatcacaaaaatagccaaattcatccataattgtataagtaaccgtacaaacgtatataacaaagc
gtacacatgttttcaattgtccaaaaacacattttactacaattaaacgaagctatcagatccatgtcctctcccagaaaagaaaataaacactcgtcaagataaccatat
tatttatgaataagtaaaattcatgcgatgcaatttcctccagccgtatcagtctctacgtggtgcggtcgccagagttaaattaaaagacaccaaccaaaataatctga
tttttcacccctttttcattaaaggtaaaatggaactctcaacacactataagcaaaaaagaaaaaaagtccaccactttcacaatttccctcttataaaagtcactcttagt
gtaaatgacaaatgactcctgttagaactacctaaaagcaggttatggaattcgttggtcaaatgaattaaaaaaaaaaaaaaaacaaattataaattgttatgaaagaa
aatatctcgtacacaagtgtcaccaagtataagggacccatctttgttgaaagaagatgaagttaacaaaaaaacttttgccttctctctctctccatcgaatactactatt
atcccataataatctctttttgcgatgtgatttatttttttctttttagatttccgtttcacagattcgttaatcataaaaaactttgatacagaaATG 
Supporting Sequence S6. Ganges HMA4 promoter 3 
 
tgccttgaataagtgtttgtgtatgcatgccctttttcaaaaaaaaaaaaaaaagaataagtgtttgtgaacaaaatatcttggatagaattttagaatatatcacgtagatc
gtggacaatatgccatggacaataggtgtgtgaacatatatatatatatatatatattcagacatataacaataaaatatgtacacaagcttcgattttcacctctgataca
acaattcatccacatctttattatgtccaaacaaaagtaatccacggcaataaatctacataatttggctctctttgattcttccactcttagtttcatctttttatttccgtaatc
acaagcaacaatgtttcattttcacttctcgttatcatcatatattacaattttttacccatgttaaccctatcaaaacaccaattagatacatgaaaacaattcaatcccaca
ccaaaccagaatcgttttaatttatagcttcagtttcagaaattaatatacgccaaaaacgttggtttggttactgtgaaacacacaccaaaccaaaaatcaccatcaca
gaaatagccaaatttatccacaattgtataagtaaccgtacaaacgtatataacaaagcctacacatattttgaattgtccaaaaacacattttactccaattaaacgaag
ctatcagatccatgtcctctaccaaaacagaaaataaacactagtcaagataaccaaatatcatattatttatgaataagtaaaactcatgcgatgcaatttcctccagcc
gtatcagtctttatgtggtgcggtcgagttaaattaaaagacaccaaccaaaataatctgatttttcacctctttttcattaaaggtaaaatggaactctcaacacactataa
gcaaaaaaaaaaaaaaaaaaagtctttgcgtaaagagagttataaaagtaaatatctcgtacacaagtgtcaccaagtgaacatacattagtcaatgttagtattttaat
attctcttttagctatatataagggacccatctttgttgaaagaagatgaagttcacaaaaaaacttttgccttctctctctatcgaatactgttatctcactttccttcccttttc
cttccctctctcttttaatatctcacctttatatataatattttataacattaataatttttttaataaatcctaataggggtatgatataaatggtcaaagaaggtggaagaagc
gtgaggattactgtggaggaaaaagagacattggagaaagcaacggtcaacattactgtcagatgtcgaaggagagaaagtgagagagtgtgagactctgagag
agagagaagtcaagaaggagaagaagacaaaagctaatttaaagctacgaataattatataatatggcgaagacgagacgggacatatattcaccctcgcttttca
catatattttcggtattgccactctcaaattttatttttttccttttttcttgtcttttttgacccggccctgcttatttggctatataaagcaactaccttatctagatatcttcacctc
gcaatcttcctctctacgttccaaaacctctctcactctctgtcttcacctttgtggtaatacttaatctctgatcgaaccgcaccaaaccagtccggtctttcttctcggcct
cgtcttttctccggtattctttctcttcttaattcacatagatttcataacaagtgattttttcgtaataattaaaatccgatcaaattcacgatagtgatatgatatatgcatatat
gcatccaacacgttatatgcatcccagcataaaagttttgctttcttaattttttttcccttaaaagatttggaaaattagccattaatcccataataatctctttttgcgatgtg
atttgtttttttctttttagatttccgtttcacagattcgccattaatcccctaataatctcggtttgtttttttatttttagatctccgtttcacagattcgccattaatcccataatatt
ctctttttataatgtgatttgtttttttctttttagatttccgtttcacagattcgttaatcataaaaaattttgatacagaaATG 
 
Supporting Sequence S7. Col du Mas de l’Aire HMA4 promoter 1 
 
ctccctcaacaaagtgatatcttctctccctcacgataaatccttctctctcttcttttctttctccactttattcatctccactttccttctctctttgcttcctacaaattctgtctc
tcattttccactaggttcttcttccaccaataaagattgggacaagggttgcgtaaagacattattatgccttgaataagtgtttgtgtatgcatgccctttttcaaaaaaaa
aaaaaaagaataagtgtttgtgaacaaaatatcttggatagaattttagaatatatcacgtagatcgtggacaatatgccatggacaataggtgtgtgaacatatatatat
atatatatatatatatattcagacatataacaataaaatatgtacacaagcttcgattttcacctctgatacaacaattcatccacatctttattatgtccaaacaaaagtaatc
cacggcaataaatctacataatttggctctctttgattcttccactcttactttcatctttttatttccgtaatcacaagcaacaatgtttcattttcacttctcgttatcatcatata
ttacaattttttacccatgttaaccctatcaaaacaccaattagatacatgaaaacaattcaatcccacaccaaaccagaaatcgttttaatttatagcttcagtttcagaaa
ttaatatacgccaaaaacgttggttactgtgaaacacacaccaaaccaaaaatcaccatcacagaaatagccaaatttatccacaattgtataagtaaccgtacaaac
gtatataacaaagcctacacatattttgaattgtccaaaaacacattttactccaattaaacgaagctatcagatccatgtcctctaccaaaacagaaaataaacactagt
caagataaccaaatatcatattatttatgaataagtaaaactcatgcgatgcaatttcctccagccgtatcagtctctatgtggtgcggtcgagttaaattaaattcaatga
caccaaccaaaataatctgatttttcacccctttttcattaaaggtaaaatggaactctcaacacactataagcaaaaaaaaaaaaaaaaaatctttgcgtaaagagagt
tataaaagtaaatatctcgtacacaagtgtcaccaagtgaacatacattagtcaatgttagtattttaatattctcttttagctatatataagggacccatctttgttgaaaga
agatgaagttcacaaaaaaactttgccttctctctctatcgaatactgttatctcactttccttcccttttccttccctctctcttttaatatctcacctttatatataatattttataa
cattaataatttttttaataaatcctaataggggtatgatataaatggtcaaagaaggtggaagaagcgtgaggattactgtggaggaaaaagagacattggagaaag
caacggtcaacattactgtcagatgtcgaaggagagaaagtgagagagtgtgagactctgagagagagagaagtcaagaaggagaagaagacaaaagctaatt 
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taaagctacgaataattatataatatggcgaagacgagacgggacatatattcaccctcgcttttcacatatattttcggtattgccactctcaaattttatttttttcctttttt
cttgtcttttttgacccggccctgcttatttggctatataagcaactaccttatctagatatcttcacctcgcaatcttcctctctacgttccaaaacctctctcactctctgtct
tcacctttgtgttaatactttaatctctgatcgaaccgcaccaaaccagtccggtctttcttctcggcctcgtcttttctccggtattctttctcttcttaattcacatagatttca
taacaagtgatttttttcgtaataattaaaatccgatcaaattcacgatagtgatatgatatatgcatatatgcatccaacacgttatatgcatcccagcataaaagttttgct
ttcttaattttttttcccttaaaagatttggaaaattagccattaatcccataataatctctttttgcgatgtgatttgtttttttctttttagatttccgtttcacagattcgccattaat
cccctaataatctcggtttgtttttttatttttagatctccgtttcacagattcgccattaatcccataatattctctttttataatgcgatttgtttttttctttttagatttccgtttcac
agattcgttaatcataaaaaattttgatacagaaATG 
 
Supporting Sequence S8. Col du Mas de l’Aire HMA4 promoter 2 
 
ctcctcaacaaagtgatatcttctctccctcacgataaatccttctctctcttcttttctttctccactttattcatctccactttccttctctctttgcttcctacaaattctgtctct
cattttccactaggttcttcttccaccaataaagattgggacaagggttgcgtaaagacattattatgccttgaataagtgtttgtgtatgcatgccctttttcaaaaaaaaa
aaaaaagaataagtgtttgtgaacaaaatatcttggatagaattttagaatatatcacgtagatcgtggacaatatgccatggacaataggtgtgtgaacatatatatata
tatatatatatatattcagacatataacaataaaatatgtacacaagcttcgattttcacctctgatacaacaattcatccacatctttattatgtccaaacaaaagtaatcca
cggcaataaatctacataatttggctctctttgattcttccactcttactttcatctttttatttccgtaatcacaagcaacaatgtttcattttcacttctcgttatcatcatatatt
acaattttttacccatgttaaccctatcaaaacaccaattagatacatgaaaacaattcaatcccacaccaaaccagaaatcgttttaatttatagcttcagtttcagaaatt
aatatacgccaaaaacgttggttactgtgaaacacacaccaaaccaaaaatcaccatcacagaaatagccaaatttatccacaattgtataagtaaccgtacaaacgt
atataacaaagcctacacatattttgaattgtccaaaaacacattttactccaattaaacgaagctatcagatccatgtcctctaccaaaacagaaaataaacactagtca
agataaccaaatatcatattatttatgaataagtaaaactcatgcgatgcaatttcctccagccgtatcagtctctatgtggtgcggtcgagttaaattaaattcaatgaca
ccaaccaaaataatctgatttttcacccctttttcattaaaggtaaaatggaactctcaacacactataagcaaaaaaaaaaaaaaaaaatctttgcgtaaagagagttat
aaaagtaaatatctcgtacacaagtgtcaccaagtgaacatacattagtcaatgttagtattttaatattctcttttagctatatataagggacccatctttgttgaaagaag
atgaagttcacaaaaaaacttttgccttctctctctatcgaatactgttatctcactttccttcccttttccttccctctctcttttaatatctcacctttatatataatattttataac
attaataatttttttaataaatcctaataggggtatgatataaatggtcaaagaaggtggaagaagcgtgaggattactgtggaggaaaaagagacattggagaaagc
aacggtcaacattactgtcagatgtcgaaggagagaaagtgagagagtgtgagactctgagagagagagaagtcaagaaggagaagaagacaaaagctaattt
aaagctacgaataattatataatatggcgaagacgagacgggacatatattcaccctcgcttttcacatatattttcggtattgccactctcaaattttatttttttccttttttc
ttgtcttttttgacccggccctgcttatttggctatataaagcaactaccttatctagatatcttcacctcgcaatcttcctctctacgttccaaaacctctctcactctctgtct
actctctgtcttcacctttgtggtaatactttaatctctgatcgaaccgcaccaaaccagtccggtctttcttctcggcctcgtcttttctccggtattctctcttcttaattcac
atagatttcataacaagtgatttcttcgtaaaaattaaaatccgatcaaattcacgacagtgatatgatatatgcatatatgcatccaacacgttatatgcatcccagcata
aaagttttgctttcttaattttttttcccttaaaagatttggaaaataagccattaatcccataataatctctttttgcgatgtgatttgtttttttctgttttagatttccgtttcacag
attcgctattaatcccataataatctcgatttgttttttttgtttttttttagatttccgtttcacagatttgccattaatccaataataatctctttttgcgatgtgattttgtttttttcttt
ttagatttccgtttcacagattcgctattaatcccataataatctcgatttgttttttatttttatttttagatttccgtttcacagattcgctattaatcccataataatctctttttgc
gatgtgattttctttttttctttttagatttccgtttcacagattcgctattaatcccataataatctctttatacgatgtgattttgtttttttttctttttagatttccgtttcacagattc
gttaatcataaaaaactttgatacagaaATG 
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Summary 
 
We investigated the mechanisms and genetic determinants of Cd and Zn hypertolerance in 
the metallophytes Silene vulgaris and S. paradoxa. We cloned the ortholog of a heavy metal-
transporting 1b P-type ATPase gene, HMA2, and examined its role in Cd and Zn 
hypertolerance through co-segregation analysis of F2 and F3 progenies of inter-population 
crosses in both species. In both species the HMA2 expression was six-fold higher in the 
metallicolous populations, in comparison with non-metallicolous ones. The genomic copy 
numbers were two- and five-fold increased in the metallicolous populations of S. paradoxa 
and S. vulgaris, respectively. In all the intra-specific crosses analyzed (two of S. vulgaris, one 
of S. paradoxa), the high HMA2 expression level co-segregated with Cd hypertolerance, but 
not with Zn hypertolerance. Cd and Zn hypertolerance in S. paradoxa were under monogenic 
and digenic control, respectively, such as previously found for S. vulgaris. Our results 
strongly suggest that HMA2 plays a dominant role in Cd hypertolerance in both species, and 
that identical or very similar mechanisms must have been independently evolved in both 
species, which is a compelling case of parallel molecular evolution. 
 
Keywords: Silene paradoxa; Silene vulgaris; Cd tolerance; Zn tolerance; HMA2; gene 
expression; co-segregation 
 
 
Introduction 
 
The genus Silene (Caryophyllaceae) contains a number of so-called facultative 
metallophytes, i.e., species with populations on soils that are toxically enriched with one or 
more heavy metals, as well as on ‘normal’, non-metalliferous soils. Among these are Silene 
vulgaris (Ernst, 1974; Mathys, 1975) and S. paradoxa (Pignatti, 1997). The metallicolous 
populations of these species are known to exhibit (strongly) enhanced levels of tolerance 
(‘hypertolerance’), in comparison with the non-metallicolous ones, to the metals that are 
enriched to toxic levels in the soil at the sites of origin (Schat et al., 1996; Mengoni et al., 
2000; Gonnelli et al., 2001; Arnetoli et al., 2008). Heavy metal hypertolerance is largely  
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metal-specific, and ‘multiple metal hypertolerance’ relies largely on a combination of 
genetically independent mechanisms (Schat et al., 1996; Schat and Vooijs, 1997; Jack et al., 
2007). The genetic architecture of heavy metal hypertolerance, in so far as it segregates in 
crosses between metallicolous and non-metallicolous plants, seems to be relatively simple 
(Schat and Ten Bookum, 1992; Macnair, 1993; Schat et al., 1993; Schat et al., 1996; Schat 
and Vooijs, 1997). In Silene vulgaris zinc (Zn) and cadmium (Cd) hypertolerance seem to be 
largely controlled by two genes with additive effects, and one single gene, respectively (Schat 
et al., 1996; Schat and Vooijs, 1997). 
Generally speaking, heavy metal hypertolerance in metallophytes may result from a 
reduced rate of uptake, or an enhanced capacity to sequester the metals within the plant body. 
At the cellular level, enhanced sequestration may be achieved through increased synthesis of 
metal-binding compounds, and/or increased efflux of the metal from the cytosolic 
compartment, either through vacuolar compartmentalization or efflux across the plasma 
membrane, either directly or via the secretory pathway (Clemens, 2001). The genetic 
determinants and mechanisms underlying specific metal hypertolerances are poorly 
understood yet.  
The sequestration of excess metals at the levels of organs, tissues, cells and 
subcellular compartments, is ultimately dependent on trans-membrane heavy metal 
transporters. Altered expression of a subset of these transporters is thought to play a key role 
in heavy metal hypertolerance (Clemens, 2001; Krämer, 2010). There is strong evidence that 
enhanced expression of the plasma membrane localized P1b-type ATPase, HMA4, is essential 
for high-level tolerance to Zn and Cd in the Zn/Cd hyperaccumulator, Arabidopsis halleri, in 
comparison with the non-metallophyte, non-hyperaccumulator congeneric species, A. 
thaliana and A. lyrata (Courbot et al., 2007; Willems et al., 2007; Hanikenne et al., 2008). 
The high expression level of this gene in A. halleri is acquired through a combination of 
tandem triplication and altered cis-regulation (Hanikenne et al., 2008). Another Zn/Cd 
hyperaccumulator, Noccaea caerulescens (formerly Thlaspi caerulescens) also over-
expresses HMA4, through copy number expansion (two to four copies, dependent on 
population or ecotype [Craciun et al., 2012]) and altered cis-regulation (Lochlainn et al., 
2011). This is a remarkable case of parallel molecular evolution, since Zn/Cd 
hyperaccumulation has been independently evolved in Noccaea and Arabidopsis (Verbruggen 
et al., 2009).  
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In A. thaliana HMA4 and HMA2 are partly redundant, both chiefly expressed in the 
xylem parenchyma, particularly in the root. The hma2hma4 double mutant is deficient in Zn 
root-to-shoot translocation, stunted and infertile, and can only be rescued by a very high, 
close to toxic Zn supply, showing that HMA2 and HMA4 function to efflux Zn from the 
xylem parenchyma into the xylem vessels (Hussain et al., 2004; Verret et al., 2004). The 
same transporters are also responsible for most, if not all of the root-to-shoot transport of Cd 
in A. thaliana (Wong and Cobbett, 2009). The double hma2hma4 and the single hma4 
mutations, but not the single hma2 mutation, confer a degree of Cd hypersensitivity of the 
root, attributable to increased Cd accumulation, owing to reduced allocation to the shoot. This 
phenotype is barely detectable in a wild-type background, but fairly conspicuous in the 
background of the phytochelatin-deficient cad1 mutant (Wong and Cobbett, 2009). 
The mechanism underlying HMA4-mediated Zn and Cd hypertolerance in A. halleri 
(see above) is incompletely understood. Silencing of AhHMA4, down to the expression level 
of AtHMA4, abolishes the hyperaccumulator phenotype, resulting in A. thaliana-like rates of 
Zn and Cd accumulation in roots and shoots (Hanikenne et al., 2008). Since in 
hyperaccumulators Zn and Cd are primarily sequestered in the shoot, it is arguable that the 
sensitization to Zn and Cd in HMA4-silenced A. halleri is mainly owing to a reduced root-to-
shoot translocation of these metals, leading to their accumulation in the root, which may lack 
considerable sequestration capacity, in comparison with the shoot (Hanikenne et al., 2008). 
On the other hand, in A. halleri HMA4 expression is not exclusively found in xylem 
parenchyma, but apparently also in leaf mesophyll (Hanikenne et al., 2008), indicating that 
HMA4-mediated Zn and Cd tolerance in hyperaccumulators can also be based, at least in 
part, on metal efflux from cells other than xylem parenchyma. If so, then it is conceivable 
that HMA4, or HMA2, when expressed in root tissues other then xylem parenchyma, could 
act as Zn or Cd hypertolerance genes in non-hyperaccumulator metallophytes, too. In this 
study, we aimed to isolate HMA4 and HMA2-orthologous genes from two non-
hyperaccumulator facultative metallophytes, Silene vulgaris and S. paradoxa, to compare 
their expression levels between non-metalicolous and metallicolous Zn/Cd-hypertolerant 
populations and, in case of differential expression, to assess whether or not their expression 
levels co-segregate with Cd or Zn tolerance or translocation in segregating crosses between 
hypertolerant and non-hypertolerant plants. 
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Materials and Methods 
 
Plant materials and experimental conditions 
F2 families of Silene paradoxa were produced by inter-crossing plants from a copper mine 
near Fenice Capanne (FC), Tuscany, and a non-metalliferous limestone hill, Colle Val D'Elsa 
(CVD), Tuscany. Characteristics of these sites and of the local S. paradoxa populations are 
given in Arnetoli et al. (2008). In short, FC plants are hypertolerant to Zn, Cd and Cu, 
whereas CVD plants are non-hypertolerant to these metals. F1 plants were self-fertilized 
through pollination by hand, to produce F2 families. Seeds of four different F2 crosses were 
pooled for Zn and Cd tolerance testing. Non-segregating Cd- or Zn-hypertolerant and non-
hypertolerant F3 families of S. vulgaris, derived from a cross between plants from a Zn 
smelter deposit near Plombières (Pl), Belgium, and from a non-metalliferous site at the 
campus of the Vrije Universiteit of Amsterdam (Am), the Netherlands, were available from a 
former experiment (Jack et al., 2007). Seeds were sown in garden peat soil (Jongkind BV, 
number 6, Aalsmeer, the Netherlands) and after three weeks, seedlings were transferred to 
hydroponic culture, in 1-L polyethylene pots (three plants per pot) containing a modified 
half-strength Hoagland’s solution composed of 3 mM KNO3, 2 mM Ca(NO3)2, 1 mM 
NH4H2PO4, 0.5 mM MgSO4, 20 µM Fe(Na)EDTA, 1 µM KCl, 25 µM H3BO3, 2 µM MnSO4, 
2 µM ZnSO4, 0.1 µM CuSO4 and 0.1 µM (NH4)6Mo7O24 in demineralised water, buffered 
with 2 mM 2-N-morpholinoethanesulphonic acid (MES), pH 5.5, adjusted with KOH. 
Nutrient solutions were renewed weekly and plants were grown in a growth chamber (20/15 
°C d/n; light intensity 220 µE m
-2
 s
-1
, 14 h d
-1
; 75% RH). 
Zn and Cd tolerance test 
After ten days of growth in hydroponics, part of the roots were harvested and stored at -80 °C 
for RNA extraction. After recovery of the root system (one week), plants were tested for Cd 
or Zn tolerance using a sequential exposure test described in Schat and Ten Bookum (1992). 
In short, plants were exposed to a sequence of increasing Zn or Cd concentrations (106 plants 
for Zn and 107 plants for Cd), with 250-µM concentration increments for Zn, and 40-µM 
concentration increments for Cd, respectively, and two days of exposure per concentration 
(Schat and Vooijs, 1997). Zn and Cd were supplied as sulphates. As a control, 25 plants of 
the CVD parent population were included in the tests. At the start of the test and before each 
concentration increment, roots were stained with active carbon powder, to facilitate the  
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detection of root growth. The lowest concentration that stopped root growth completely 
(EC100) was used as a measure of tolerance (Schat et al., 1996). After having reached their 
EC100 concentrations, the plants were transferred to control nutrient solution with 2 µM Zn 
and checked for root growth recovery. All the plants recovered their root growth. 
Zn and Cd uptake and translocation in selected F3 lines 
Selected Cd-hypertolerant (EC100 > 380 µM Cd) and non-Cd-hypertolerant (EC100 < 160 µM) 
F2 plants from the FC x CVD cross were maintained until flowering, after vernalization for 
six weeks at 4 °C, and self-fertilized through pollination by hand. A subset of the resulting F3 
seedlings were tested for Cd tolerance (see above), and three non-segregating, non-
hypertolerant, and three non-segregating, hypertolerant F3 lines were selected for testing Cd 
and Zn uptake and translocation. Seedlings were grown in hydroponics (see above; three 
plants per pot, each belonging to a different line) containing a modified half-strength 
Hoagland’s solution. After two weeks of preculture plants were exposed to Zn (2, 4 and 20 
µM) or Cd (0, 5, 25 µM), 6 plants per line per treatment. After one week the plants were 
harvested for Zn and Cd analysis. 
Determination of Cd and Zn concentrations 
Prior to harvest, roots were carefully rinsed with ice-cold PbNO3 (5 mM) for thirty minutes 
and blotted with paper tissue. Cd and Zn were determined by digesting 50-100 mg of oven-
dried plant material in 2 ml of a 1:4 (v/v) mixture of 37% (v/v) HCl and 65% (v/v) HNO3 in 
Teflon cylinders for 7 h at 140 °C, after which the volume was adjusted to 10 ml with 
demineralised water. Cd and Zn in the digests were measured on a flame atomic absorption 
spectrophotometer (Perkin Elmer AAS100). 
RNA and DNA extraction and 1st strand cDNA synthesis 
RNA was extracted from frozen roots of selected hypertolerant and non-hypertolerant plants 
using Trizol
TM
 (Invitrogen) following the manufacturer’s instructions and as described in 
Jack et al. (2007). Single-stranded cDNA was synthesized from total RNA (2.5 µg, boiled for 
1 minute) using 100 Units M-MLV Reverse Transcriptase (Invitrogen), 2 mM dNTPs, 100 
mM DTT, 10X RT buffer and 10 µM oligo dT primer at 42 ºC for 1 hour. DNA was isolated 
according to Karp et al. (1999). 
Amplification of S. vulgaris and S. paradoxa HMA2 
cDNA was synthesized using RLM 3-RACE dT primer. S. vulgaris HMA2 was amplified 
using the degenerate primers, based on plant HMA alignments (35 cycles at an annealing  
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temperature of 55 ºC). The fragment was cloned in pGEM
®
-T easy vector (Promega) and 
sequenced using the Big Dye Terminator protocol. The S. paradoxa HMA2 fragment was 
amplified using the forward primer, based on the SvHMA2 sequence, and the RLM 3-RACE 
outer reverse primer. Nested PCR was done on 2 µl of template from the first PCR using the 
same forward and the RLM 3-RACE inner reverse primer, which yielded a 1.6 kb fragment. 
It was cloned using pGEM
®
-T easy vector (Promega) and sequenced using the Big Dye 
Terminator protocol. Another fragment of 612 bps which was close to the start codon was 
amplified using the degenerate outer primers for the first PCR and degenerate inner primers 
for nested PCR. The part in-between these two fragments was bridged by doing a PCR with 
S. paradoxa forward primer on the part close to N-terminal and reverse primer close to C-
terminal. All the fragments were cloned using pGEM-T easy (Promega), and sequenced. 
Then the remaining sequence until the 5´ untranslated region was amplified by means of the 
RLM 5-RACE kit from Ambion, using the RLM 5-RACE outer forward primer, and the gene 
specific outer reverse primer in the first PCR, and the RLM 5-RACE inner forward primer 
and the gene specific inner reverse primer in the second one. The fragments were cloned and 
sequenced. All the primers used here are given in the Supporting Information (Table S1). 
Expression and copy number analysis 
Based on the sequence, real time quantitative PCR specific primers for S. vulgaris and intron 
spanning specific primers for S. paradoxa on cDNA and for copy number on the DNA were 
designed. ACT2 (accession no. JQ435885) was used as a positive internal control (all the 
qPCR primers are given in Supporting Information Table S2). Real time quantitative PCR 
was performed using the SensiMix™ SYBR No-ROX kit (Bioline), and the Bio-Rad MJ 
Research Opticon™ Real Time PCR detection system (Applied Biosystems Inc., IJssel, The 
Netherlands). SensiMix™ SYBR No-ROX kit includes the SYBR
®
 Green I dye, dNTPs, 
stabilisers and enhancers. A dilution range in water of the cDNA samples was tested to 
identify the cDNA concentration that produced a CT value between 15 and 30 cycles (Jack et 
al., 2007). The final reaction conditions were, 10 µl SensiMix™ SYBR No-ROX  matser 
mix, 0.75 µl forward primer (final concentration of 250 nM), 0.75 µl of reverse primer (final 
concentration of 250 nM) and cDNA in a total reaction volume of 20 µl. An initial step of 95 
ºC for 10 min was used to activate the polymerase. Cycling conditions were: melting step at 
95 ºC for 10 s and annealing-extension at 60 ºC for 20s, with 40 cycles, at the end a melting 
curve from 60 ºC to 90 ºC, read every 0.5 ºC, held for 10 s. All qPCR reactions were  
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performed in experimental triplicates, and a maximum difference of 1 cycle between the CT 
of the triplicate samples was considered acceptable. Negative controls were included for each 
primer pair to check for significant levels of any contaminants. Expression and copy number 
values were calculated using the 2
-ΔΔC
T method (Livak and Schmittgen, 2001). 
Statistics 
Statistic analysis was performed using one-, two-, and three-way ANOVA. The MSR statistic 
was used for a posteriori comparisons of individual means (Rohlf and Sokal, 1981). When 
necessary, data were subjected to logarithmic transformation prior to analysis. 
 
 
Results 
 
S. paradoxa and S. vulgaris HMA2 
PCR with 1B-type HMA-targeted primers yielded fragments, one of which having significant 
homology with plant HMA2 or HMA4 sequences. After sequencing the corresponding cDNA, 
the S. paradoxa deduced protein sequence showed 53% and 50% amino acid identity (Fig. 1), 
and 65% and 68% nucleotide identity with AtHMA2 and AtHMA4, respectively. Irrespective 
of the intron lengths Arabidopsis HMA2 and HMA4 have introns at the same positions. The 
main difference between AtHMA2 and AtHMA4 is in the length of C-terminal region. 
AtHMA2 has ≈ 250 aa, whereas AtHMA4 has ≈ 470 aa in the C-terminal cytoplasmic region 
(Eren and Argüello, 2004; Eren et al., 2006). The HMA from S. paradoxa has an even shorter 
cytoplasmic C-terminus than AtHMA2, i.e. ≈ 173 aa. Therefore, we assume that this 
fragment represented the S. paradoxa ortholog of AtHMA2 and named it SpHMA2. SpHMA2 
has one extra intron, 54 bps after the start codon, as compared with AtHMA2/HMA4. It also 
contains the conserved domains that are important for functioning, i.e., the Cpx motif, and the 
ATPase phosphorylation site (Fig. 1). 
The deduced protein sequence of the fragment obtained from S. vulgaris was 94% 
identical with SpHMA2, and 56% and 60% identical with AtHMA2 and AtHMA4, 
respectively (Fig. 1). 
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Fig. 1. Aligned amino acid sequences of SpHMA2 (Fenice Capanne, Italy), SvHMA2 (Plombières, Belgium), 
and A. thaliana HMA2 and HMA4. A number of motifs common to P1B-type ATPases are indicated, including 
the highly conserved CPx motif (boxed), the ATPase phosphorylation site (shaded in blue), the transmembrane 
spanning regions (consensus: continued lines; according to Eren and Argüello, 2004; Eren et al., 2006). Amino 
acids shared by all HMAs are shaded dark grey and amino acids shared by two or three of the HMAs are shaded 
light grey.  
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HMA2 expression and gene copy numbers in the parent populations 
The constitutive root transcript levels of SpHMA2 and SvHMA2 were established in the 
Cd/Zn hypertolerant populations, FC and Pl, and the non-hypertolerant ones, CVD and Am, 
respectively. The mean expression level was significantly higher (P < 0.01) in the 
hypertolerant populations, in both cases about 6-fold, in comparison with the non-
hypertolerant ones (Fig. 2a, b). 
(a) (b) 
  
Fig. 2. Mean SpHMA2 (a) and SvHMA2 (b) expression in metallicolous populations in S. paradoxa and S. 
vulgaris taking Act2 as an internal control (fold difference with the mean expression level in the CVD and Am 
reference populations) in roots. Error bars represent ± SE (n=8). 
(a) (b) 
  
Fig. 3. Genomic copy number of HM2 in non-metallicolous and metallicolous accessions of S. paradoxa (a) and 
S. vulgaris, relative to that of SpACT2 and SvACT2 (n=10).  
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Quantitative PCR on genomic DNA showed that the number of genomic HMA2 
copies were about half of the number of ACT2 copies in the non-metallicolous populations of 
both species (Fig. 3). The HMA2 copy numbers in the metallicolous populations were 
significantly higher than in the non-metallicolous ones, by 1.75- and 4.9-fold in FC and Pl, 
suggesting a two-fold and five-fold multiplication of the HMA2 copy number, respectively 
(Fig. 3a,b). 
 
Fig. 4. Relative frequencies (%) of individuals in EC100 classes of Zn (µM) for root growth in the F2 of FC x 
CVD crosses (n=106). 
 
Fig. 5. Relative frequencies (%) of individuals in EC100 classes of Cd (µM) for root growth in the F2 of FC x 
CVD crosses (n=107). 
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Segregation of Zn and Cd tolerance in S. paradoxa FC x CVD F2 families 
Zn and Cd tolerance segregated identically in the four S. paradoxa FC x CVD inter-
population F2 crosses. Therefore, the results are presented for the total of F2 plants (Fig. 4). 
The EC100 frequency distribution for Zn was clearly bimodal. About 5% of the F2 had an 
EC100 of 1000 µM Zn, like the CVD parent population, the rest had EC100 values of 1500 - 
2750 µM Zn, except for just one plant, which had an intermediate EC100 of 1250 µM. These 
frequencies match very well with the ones expected on the basis of the model of two additive 
co-dominant genes, which was previously found for S. vulgaris (Schat et al., 1996; Schat and
Vooijs, 1997; Jack et al., 2007). 
(a) (b)
  
(c) 
Fig. 6. Shoot (a) and root (b) Cd concentrations 
(µmol g
-1 
dw) and shoot to root Cd concentration 
ratios (c) in non-segregating F3 families of the FC x 
CVD crosses selected for non-hypertolerance (121, 
171 and 183) and hypertolerance (63, 71, and 178) 
to Cd, respectively. Values are means ± SE, 
measured after 5 d of exposure to different Cd 
concentrationsin the nutrient solution (µM). 
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Likewise, the EC100 frequency distribution for Cd tolerance was bimodal (Fig. 5), 
with 29% exhibiting the Cd-sensitive CVD phenotype (EC100 120 - 160 µM), in agreement 
with the expectation based on the model of a single dominant gene for Cd hypertolerance, 
which was found for S. vulgaris (Schat et al., 1996; Schat and Vooijs, 1997; Jack et al., 
2007). 
(a) (b) 
 
  (c) 
 
Fig. 7. Shoot (a) and root (b) Zn concentrations 
(µmol g
-1 
dw) and shoot to root Zn concentration 
ratios (c) in non-segregating F3 families of the FC x 
CVD crosses selected for non-hypertolerance (121, 
171 and 183) and hypertolerance (63, 71, and 178) 
to Cd, respectively. Values are means ±SE, 
measured after 5 d of exposure to different Zn 
concentrations in the nutrient solution (µM). 
Cd and Zn accumulation in non-segregating Cd-hypertolerant and non-hypertolerant 
F3 families 
Three-way ANOVA revealed significant differences among non-segregating hypertolerant 
and non-hypertolerant FC x CVD F3 families regarding the root and shoot Cd or Zn 
concentrations, as well as the shoot to root Cd or Zn concentration ratios (P < 0.01).  
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However, on average there were no significant differences between the Cd-hypertolerant and 
the non-hypertolerant families (Figs. 6 & 7). 
SpHMA2 and SvHMA2 expression in selected hypertolerant and non-hypertolerant 
progeny of the FC x CVD and Pl x Am crosses 
The constitutive transcript levels of SpHMA2 mRNA were analyzed in roots of F2 plants with 
extreme phenotypes for Cd and Zn tolerance. In the FC x CVD F2 families, there was no 
difference in SpHMA2 expression between Zn-hypertolerant (EC100 > 2250 µM) and non-Zn-
hypertolerant (EC100 = 1000 µM Zn) F2 plants (Fig. 8a). On the other hand, SpHMA2 was 
significantly (P < 0.0001) and about 10-fold higher expressed in the Cd-hypertolerant plants 
(EC100 = 120 µM Cd) than in the non-tolerant ones (EC100 > 280 µM Cd) (Fig. 8b). 
(a) (b)  
Fig. 8. Mean SpHMA2 expression (fold difference with the lowest group means) in roots of F2 plants with 
contrasting phenotypes for Zn (a) and Cd (b) tolerance selected from the inter-population crosses FC x CVD 
(sensitive plants-dark grey bars, tolerant plants-light grey bars). Error bars represent ± SE (n=6). 
The constitutive transcript levels of SvHMA2 were also analyzed in roots of plants 
from non-segregating hypertolerant and non-hypertolerant F3 families with contrasting 
extreme phenotypes for Cd and Zn tolerance, derived from two independent Pl x Am crosses 
(see Jack et al. [2007] and Schat and Vooijs [1997] for EC100 frequency distributions). In both 
crosses the mean relative expression levels did not significantly differ between the Zn-
hypertolerant plants (EC100 > 1500 µM Zn) and the non-hypertolerant ones (EC100 = 750 µM)  
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
1.6 
H
M
A
2
 r
el
at
iv
e 
fo
ld
 e
x
p
re
ss
io
n
 Zn Sens. 
Zn Tol. 
0 
2 
4 
6 
8 
10 
12 
H
M
A
2
 r
el
at
iv
e 
fo
ld
 e
x
p
re
ss
io
n
 Cd Sens. 
Cd Tol. 
!++"
(Fig. 9a). On the other hand, in both crosses the SvHMA2 expression levels were significantly 
(P < 0.001) higher, on average 2-fold and 4-fold, in the Cd-hypertolerant plants than they 
were in the non-Cd-hypertolerant ones (Fig. 9b). As shown by the significance of the family 
x phenotype interaction (P < 0.01), there was variation between the families with regard to 
the degree of co-segregation. In the 1 x 2 family the co-segregation was very strict (P < 
0.001), in that there was no overlapping of the SvHMA2 expression ranges of the non-Cd-
hypertolerant group (EC100 = 120 µM) and the Cd-hypertolerant group of plants (EC100 > 200 
µM). In the 6 x 12 family, there was a minimal overlap (one out of six plants), and the mean 
expression level in the Cd-hypertolerant group was lower than in the corresponding group of 
the 1 x 2 family, but the difference between the non-Cd-hypertolerant and the Cd-
hypertolerant plants was still significant (P < 0.05). 
(a) (b) 
    
Fig. 9. Mean SvHMA2 expression (fold difference with the lowest group means) in roots of F3 plants with 
contrasting phenotypes for Zn (a) and Cd (b) tolerance selected from two independent inter-population crosses 
Am x Pl (1 x 2 and 6 x 12) (sensitive plants-dark grey bars, tolerant plants-light grey bars). Error bars represent 
± SE (n=6). 
Discussion 
Using degenerate primers targeted to universally conserved 1B P-type ATPase motifs, we 
amplified and cloned several fragments from S. vulgaris and S. paradoxa cDNAs, one of  
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which sharing a similar degree of identity with AtHMA2 and AtHMA4. Further sequencing of 
the S. paradoxa ortholog and its genomic copy revealed the relatively short cytoplasmic C-
terminal region, which is typical of AtHMA2, rather than AtHMA4. For this reason we prefer 
to speak of SpHMA2 and SvHMA2. Remarkably, in both Silene species the constitutive 
expression level of this gene was about 6-fold increased in a metallicolous, Cd/Zn-
hypertolerant population, in comparison with a non-hypertolerant population from non-
metalliferous soil. In all the populations the gene was much more strongly expressed in roots 
than in shoots, and its expression level was not significantly affected by Cd or Zn exposure 
(data not shown). As indicated by quantitative PCR on genomic DNA, the high expression in 
the Pl population of S. vulgaris might be quantitatively explained by genomic copy number 
expansion, assuming that the transcript concentrations vary in proportion with the gene copy 
numbers. Of course, we do not have any evidence concerning the rates of transcription of the 
individual copies, so we cannot exclude that the high expression in Pl is in fact due to 
alterations of the cis- or trans-regulation of one or more gene copy’s. In any case, the six-fold 
up-regulation of SpHMA2 in FC, in comparison with CVD, cannot be explained by copy 
number duplication only.  
The segregation patterns of Zn and Cd tolerance in the S. paradoxa FC x CVD F2 
cross that were found in the present study are almost identical with those in crosses between 
Zn/Cd-hypertolerant and non-hypertolerant S. vulgaris, suggesting that the genetic 
architecture of these hypertolerances is the same in both species, that is, two additive genes 
for Zn hypertolerance and one major gene for Cd hypertolerance, respectively (Schat et al., 
1996; Schat and Vooijs, 1997; Jack et al., 2007). Also the levels of Zn and Cd hypertolerance 
of the FC population of S. paradoxa compare very well with those of S. vulgaris or S. 
maritima populations from metalliferous, calamine soil (Schat et al., 1996; Schat and Vooijs, 
1997; Arnetoli et al., 2008).  
Our results obtained with the crosses clearly show that in both species the high level 
of HMA2 expression characteristic of the hypertolerant parents co-segregates with Cd 
hypertolerance, but not with Zn hypertolerance. Since Cd hypertolerance and HMA2 
expression are doubtlessly largely heritable (Schat et al., 1996; Schat and Vooijs, 1997), it is 
reasonable to assume that Cd hypertolerance and enhanced HMA2 expression are genetically 
correlated, that is, governed by the same genes or, alternatively, by different closely linked 
ones. Moreover, the alternative explanation, i.e., environmental correlation, is extremely  
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unlikely, because the plants were continuously randomized throughout the tolerance testing 
procedure. The most obvious explanation would be that enhanced HMA2 expression itself is 
the major determinant of Cd hypertolerance, and that the HMA2 gene itself would be the 
major Cd tolerance gene that segregates in the crosses between Cd-hypertolerant and non-
hypertolerant plants. In this scenario, the enhanced expression level in Cd-hypertolerant 
populations would be due to altered cis-regulation and/or copy number expansion of the gene. 
In the latter case, the copies should be closely linked, in a tandem array, because the 
monogenic segregation pattern found for Cd hypertolerance in all the crosses is not 
compatible with frequent recombination between individual gene copies.  
In the S. vulgaris crosses the mean relative HMA2 expression level of the Pl parent 
population is apparently not fully recovered in the hypertolerant F3 plants, but the same holds 
true for the mean level of Cd hypertolerance (Schat and Vooijs, 1997; Jack et al., 2007), 
which confirms the correlation between these characteristics. It is thus conceivable, at least 
for S. vulgaris, that Cd hypertolerance may be affected by hypostatic factors, which do not 
produce Cd hypertolerance by themselves, but merely enhance the level of it in the genetic 
background of a Cd-hypertolerant plant, such as found for Cu hypertolerance in S. vulgaris 
(Schat and Ten Bookum, 1992; Schat et al., 1993; Van Hoof et al., 2001) and Mimulus 
guttatus (Smith and Macnair, 1998). It is not unlikely that such factors may also contribute to 
the over-expression of HMA2, in view of the overall correlation between the degrees of 
HMA2 over-expression and Cd hypertolerance that we found in this study. Unfortunately, we 
were unable to unequivocally prove that HMA2 over-expression is indeed responsible for Cd 
hypertolerance in S. paradoxa and S. vulgaris, because our attempts to genetically transform 
these species have been un-successful thus far. 
The mechanism underlying putative HMA2-mediated Cd hypertolerance is not clear. 
In A. thaliana both HMA2 and HMA4 were found to be located on the plasma-membrane of 
xylem parenchyma cells, and shown to be involved in Zn and Cd loading into the xylem, 
probably through effluxing the metals from the parenchyma cells into the xylem vessels 
(Hussain et al., 2004). It is not evident how this could lead to hypertolerance to Cd, unless it 
is assumed that xylem parenchyma cells are particularly sensitive to Cd, which is unlikely, or 
that rapid removal of Cd from the root would be essential to prevent its accumulation to toxic 
levels in the root. Although the latter may be plausible for hyperaccumulators (Hanikenne et 
al., 2008), it is unlikely to explain considerable levels of Cd hypertolerance in non- 
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hyperaccumulators, such as A. thaliana (Hanikenne et al., 2008; Wong and Cobbett, 2009). In 
this respect, it is important that we neither found consistently enhanced Cd or Zn shoot 
concentrations, nor increased shoot-to-root concentration ratios in the Cd-hypertolerant 
plants, in comparison with the non-hypertolerant ones, which clearly shows that HMA2-
mediated Cd-hypertolerance in S. paradoxa or S. vulgaris, in so far as it exists at all, does not 
result from enhanced Cd transport from the root to the shoot. Alternatively, HMA2 might 
(also) be over-expressed in root tissues other than xylem parenchyma, which might contribute 
to the Cd sequestration capacity of the root itself, through effluxing Cd from the cytoplasm 
into the cell wall (Verret et al., 2004; Courbot et al., 2007). This should be clarified by future 
localization studies. 
It is important to keep in mind that we estimated Cd tolerance in a test that uses the 
lowest EC100 for root length growth as an end point, mainly because estimating shoot Cd 
tolerance with a comparable degree of precision is extremely laborious, if not impossible. As 
shown by split-root experiments (Harmens et al., 1993), the growth response of individual 
roots to toxic Zn exposure is directly dependent on the Zn concentration in its own solution 
compartment, completely independent of the rate of Zn accumulation in the shoot, both in 
Zn-hypertolerant and non-hypertolerant plants, and the same has been found for Cd or Cu (H. 
Schat and J. A. De Knecht, unpublished). Therefore, the model of monogenic, putatively 
HMA2-mediated Cd hypertolerance may be applicable to the root, but not necessarily to the 
shoot. The latter is indeed suggested by the fact that Cd and Zn-hypertolerant populations of 
S. vulgaris and S. paradoxa consistently exhibit lower foliar concentrations and shoot-to-root 
concentration ratios of these metals than do non-hypertolerant populations, when grown 
under the same exposure level (Verkleij and Prast, 1989; De Knecht et al., 1994; Harmens et 
al., 1993; Arnetoli et al., 2008). In contrast, our mode of selection, solely based on the short-
term root growth response, was without significant effects on the shoot or root metal 
concentrations, or their ratios (see above). Therefore, it cannot be excluded that segregation 
studies based on long-term shoot growth parameters may yield additional genes and 
mechanisms, and that the monogenic model based on the root growth response may appear to 
be too simplistic after all.  
There is apparently a remarkable degree of similarity in the degrees and the genetic 
architecture of Cd or Zn hypertolerance between metallicolous S. paradoxa and S. vulgaris. 
In addition, in both species HMA2 over-expression co-segregates with Cd hypertolerance in  
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crosses between metallicolous and non-metallicolous plants, suggesting that also mechanisms 
of Cd hypertolerance are identical, or very similar at least. A previous study on S. vulgaris 
(Schat et al., 1996) provided the genetic evidence that independently evolved specific 
hypertolerances to Cd, Zn or Cu in different geographically isolated metallicolous 
populations are controlled by the same gene loci, at least in part. Even inter-subspecific F2 
crosses (ssp. vulgaris x ssp. maritima) between either Cd-, or Zn-, or Cu-hypertolerant plants 
did not segregate, at least not to such an extent that they recovered the non-hypertolerant 
phenotype. The present study suggests that even two unambiguously distinct Silene species 
may have common genes for metal hypertolerances, at least in the case of Cd hypertolerance, 
which would represent a remarkable case of parallel molecular evolution. The type of 
genomic change involved, however, could be partly different, i.e. tandem gene duplication 
with a strongly enhanced transcription of individual gene copies in S. paradoxa, or merely 
tandem gene pentaplication in S. vulgaris. 
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SUPPORTING TABLES 
 
Primer Name Sequence 
RLM 3-RACE dT primer GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTTTT 
HMAdegFwd RTNRTNGCNTGYCCNTGYGC 
HMAdegRev GCRTCRTTDATNCCRTCNCC 
SvHMA2Fwd AGCTGCAACAACCGGACTTTTA 
RLM 3-RACE_outerRev GCGAGCACAGAATTAATACGACT 
RLM 3-RACE_innerRev CGCGGATCCGAATTAATACGACTCACTATAGG 
HMA4deg_outerFwd GYTACTTYGAYGTKYTSGGAMTSTG 
HMA4deg_outerRev CVCCVGTTAAGGTTTTCTCRTCYAC 
HMA4deg_innerFwd TYGAYGGYGTTAARGARTATWCMGT 
HMA4deg_innerRev CACAGTTDCCATCBACMACAATTCC 
SpHMA2Fwd CATGACGCCTCTCAAAGCAACAC 
SpHM2Rev CCGGTTTTATCAAAAGCAACG 
RLM 5-RACE_outerFwd GCTGATGGCGATGAATGAACACTG 
SpHMA2_outerRev CCGGTTTTATCAAAAGCAACG 
RLM 5-RACE_innerFwd CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG 
SpHMA2_innerRev CAGAACATTGTGACTGGTGTGGAG 
Supporting Table S1. Primers used to amplify S. vulgaris and S. paadoxa HMA2 
 
Primer Name Sequence 
QSvHMA2Fwd AGCTGCAACAACCGGACTTTTA 
QSvHMA2Rev CCCGGTTTTATCAAAAGCAACG 
QsiSpHMA2Fwd GGTAACTACAGGATTGGTCTCCG 
QsiSpHMA2Rev CGCTTTGTCTTCTGGCAATAGCC 
Sv,SpAct2Fwd TCGCTCTATGCCAGTGGTCG 
Sv,SpAct2Rev TCAGATCCCGACCAGCAAGAT 
HMA2copyFwd GGTAACTACAGGATTGGTCTCCG 
HMA2copyRev GTTCCTACCAGTGTAGCTCCAATG 
Supporting Table S2. Primers used in real time qPCR 
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Summary 
 
We investigated the role of the HMA5 Cu transporter in Cu-hypertolerance in Silene vulgaris 
and S. paradoxa. We identified two HMA5-like genes from S. vulgaris, SvHMA5-1 and 
SvHMA5-2, and one from S. paradoxa, SpHMA5-1. The copy numbers and expression levels 
of these genes and of the metallothionein gene MT2b were compared in the natural 
populations of both species. Segregating S. vulgaris progenies were checked for co-
segregation of HMA5 expression with Cu tolerance. In both species Cu-hypertolance was 
associated with constitutive high-expression of HMA5-1 and MT2b (and HMA5-2 in case of 
S. vulgaris). One serpentine S. paradoxa population over-expressed HMA5-1 but not MT2b, 
and one calamine S. vulgaris population over-expressed MT2b but not HMA5-1 and HMA5-2. 
These populations were both non-Cu-hypertolerant. Over-expression of HMA5-1 and, to a 
lower degree, HMA5-2 co-segregated with Cu-hypertolerance in segregating progenies of S. 
vulgaris. HMA5-1 and HMA5-2 over-expression was associated with genomic copy number 
expansion in S. vulgaris, but not in S. paradoxa. MT2b over-expression was associated with 
copy number expansion in both species. It seems that very similar Cu hypertolerance 
mechanisms must have been independently evolved in the cupricolous populations of both 
species, although the type of genomic change involved may vary between populations or 
species.  
 
Keywords: Silene vulgaris; Silene paradoxa; Cu tolerance; HMA5; MT2b; gene expression 
 
 
Introduction 
 
The genus Silene L. accommodates a number of metallophytes, i.e., species that are able to 
grow and reproduce on toxically heavy metal-enriched (‘metalliferous’) soils, including S. 
vulgaris (Moench) Garcke and S. paradoxa L. Both species are ‘facultative metallophytes’, 
occurring both on non-metalliferous and various metalliferous soils, including serpentine, 
calamine and cupriferous ones (Schat et al., 1996; Mengoni et al., 2000, 2001). Their 
metallicolous populations exhibit enhanced levels of tolerance (‘hypertolerance’) to the  
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metals that are enriched at toxic levels in their natural environment, in comparison with the 
non-metallicolous populations (Schat et al., 1993, 1996; Schat and Vooijs, 1997; Mengoni et 
al., 2000; Arnetoli et al., 2008).  
In S. vulgaris heavy metal hypertolerances are strongly metal-specific (Schat and 
Vooijs, 1997), and their genetic architecture seems to be relatively simple, with Cd, Zn, and 
Cu hypertolerance being controlled by one, two, and three or four loci, respectively (Schat 
and Ten Bookum, 1992; Schat et al., 1993, 1996; Schat and Vooijs, 1997). Crosses between 
plants that are hypertolerant to the same metal, but of different geographic origin, or even of 
different subspecies, usually do not segregate for tolerance, at least not to the extent that the 
non-hypertolerant phenotype is recovered in F2 or F3 generations. This shows that 
metallicolous populations tend to have common genetic determinants for the specific 
hypertolerances to Cd, Zn, or Cu (Schat et al., 1993; 1996). This is almost certainly due to 
independent parallel evolution at a local scale, rather than dispersal from a common tolerant 
ancestral population (Schat et al., 1996).  
Although the Mendelian genetics of heavy metal hypertolerances have been well 
explored in several species (Macnair, 1993; Schat et al., 1996; Schat and Vooijs, 1997), 
relatively little is known about the underlying molecular and physiological mechanisms. In S. 
vulgaris Zn hypertolerance has been shown to co-segregate with enhanced Zn transport 
capacity in energized root-derived tonoplast vesicles in F3 progenies of crosses between 
calamine and non-metallicolous plants (Verkleij et al., 1998; Chardonnens et al., 1999). This 
suggests that at least one of the Zn hypertolerance genes controls the expression of a vacuolar 
Zn transporter. In both species Cu hypertolerance appeared to be associated with enhanced 
expression, probably due to gene copy number expansion, of a metallothionein gene, 
Metallothionein 2b (MT2b) (Van Hoof et al., 2001a; Mengoni et al., 2003). However, as 
suggested by the segregation patterns in F2 and F3 progenies, MT2b over-expression does not 
yield detectable Cu hypertolerance by itself, but seems to function as a ‘hypostatic enhancer’, 
yielding a hypertolerance phenotype exclusively in the presence of one or more epistatic 
genes from the genetic background of the hypertolerant parent (Van Hoof et al., 2001a). The 
nature of such epistatic factors is unknown, but the gene(s) might be involved in the control 
of Cu efflux across the plasma membrane, as suggested by the observation that energized 
inside-out plasma membrane vesicles derived from Cu-hypertolerant plants show enhanced  
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rates of Cu uptake, in comparison with those derived from non-metallicolous plants (Van 
Hoof et al., 2001b).  
In Arabidopsis thaliana copper efflux across the plasma membrane of root cells is 
mediated by heavy metal ATPase 5 (HMA5), which is one of the four Cu-transporting P-type 
ATPases in this species (Cobbett et al., 2003). A. thaliana hma5 mutants show normal growth 
at normal nutritional Cu supply, but are hypersensitive to high Cu exposure (Andrés-Colás et 
al., 2006). Moreover, the natural variation in Cu tolerance among A. thaliana accessions 
appears to be partly explained by variation in HMA5 transcript concentrations, or amino acid 
substitutions in the HMA5 protein (Kobayashi et al., 2008). For these reasons HMA5 is an 
obvious candidate for a role in naturally selected Cu hypertolerance in metallophytes. 
In this study we aimed at assessing the role of HMA5 in Cu hypertolerance in 
cupricolous populations of S. vulgaris and S. paradoxa. To this purpose we isolated and 
cloned the HMA5 homologs of these species and compared transcript levels in cupricolous 
and non-cupricolous natural populations of both species. We also checked for co-segregation 
of HMA5 expression with Cu hypertolerance in F2 and F3 progenies of crosses between 
cupricolous and non-metallicolous S. vulgaris, and expressed SvHMA5 under the natural 
promoter isolated from Cu-hypertolerant S. vulgaris in an A. thaliana hma5 T-DNA insertion 
mutant. A second aim was to obtain more evidence concerning the genomic changes 
responsible for HMA5 and MT2b over-expression in cupricolous Silene populations. To this 
end we compared their genomic copy numbers among cupricolous and non-cupricolous 
populations. 
 
 
Materials and Methods 
 
Plant materials 
Seeds of Silene vulgaris were collected from a copper mine near Imsbach (Im), Germany, a 
Zn smelter waste deposit near Plombières (Pl), Belgium, and a non-metalliferous site at the 
Vrije Universiteit campus, Amsterdam (Am), Netherlands. The Im population is 
hypertolerant to Cu, Cd and Zn, Pl is hypertolerant to Zn and Cd, but not to Cu, and Am is 
non-hypertolerant to all these metals (Schat et al., 1996). Seeds of S. paradoxa were collected  
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from nine sites in Tuscany, Italy, of which three were non-metalliferous: Colle Val D’Elsa 
(CVD), Monte Ceceri (MC), and Monte Acuto di Pari (MAP). Another three were serpentine 
outcrops: Pieve Santo Stefano (PSS), Impruneta (Imp), and Pomaia (Po), and the other three 
were mine tailings: Fenice Capanne (FC), Campiglia Marittima (CM) and Roccatederighi 
(Ro). At all of the latter three sites mining activities date back to Etruscan times, and 
continued until the 19
th
 (Ro) or 20
st 
century. The mined ores were, in all cases, mixed sulfide 
deposits, containing Cu, Zn, Pb and Cd, but also Fe and Ag. The major metals mined for, 
were Cu and Ag (Mascaro et al., 2001; Tanelli, 1983). The tolerance characteristics of these 
populations have been incompletely explored. Of the mine populations under study here, FC 
is hypertolerant to Cu, Zn, Cd and Ni (Gonnelli et al., 2001; Mengoni et al., 2003; Arnetoli et 
al., 2008), CM is hypertolerant to Cu, at least (Mengoni et al., 2003). Of the serpentine 
populations, PSS is hypertolerant to Ni, but not to Cu (Gonnelli et al., 2001). Also Po is non-
Cu-hypertolerant (Mengoni et al., 2003). Of the non-metallicolous populations, CVD is 
lacking hypertolerance to Cu, Zn, Cd and Ni (Gonnelli et al., 2001; Mengoni et al., 2003; 
Arnetoli et al., 2008).  
F2 families of S. vulgaris Am x Im crosses were produced through self-pollination by 
hand of F1 plants. In a first experiment, we tested copper tolerance in a single F2 family (n = 
1200) (see below), and selected 10 plants that recovered the non-Cu-hypertolerant phenotype 
of the Am population (EC100 < 8 µM [see below]), and 10 plants with high-level Cu-
hypertolerance (EC100 for root growth > 100 µM [see below]). These plants were kept till 
flowering and self-pollinated by hand or, in case of male sterility, mutually cross-pollinated 
to yield two sets of 10 F3 lines. In a second experiment we used a combination of 13 Am x Im 
F2 families, all derived from different parents pairs. Plants with the non-Cu-hypertolerant 
phenotype and hypertolerant ones were kept until flowering and self-pollinated or, in case of 
male sterility, mutually cross-pollinated to produce F3 lines.  
Seeds of a homozygous Arabidopsis hma5 T-DNA insertion mutant line were 
obtained from the NASC European Arabidopsis Stock Centre (reference number N656401) 
(Salk_040252C). Transgenic T0 plants expressing various promoter::HMA5 constructs were 
obtained through A. tumefaciens-mediated transformation of hma5 mutant plants, using the 
flower dip method (Clough and Bent, 1998). Selected T0 plants with different levels of 
transgene expression were kept until flowering and seed set, to obtain T1 lines for 
phenotyping. 
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Plant growth conditions 
Seeds of Silene vulgaris and S. paradoxa were sown on a garden peat soil (Jongkind BV, 
number 6, Aalsmeer, the Netherlands). After two weeks, seedlings were transferred to a 
hydroponics system, consisting of 1-L polyethylene pots. The nutrient solution was a 
modified half-strength Hoagland’s, as described in Schat et al. (1996). Once per week the 
nutrient solution was renewed. The Cu tolerance and Cu uptake tests were performed using a 
background solution of the same composition, but without Fe(Na)EDTA, to prevent 
CuEDTA formation (Schat et al., 1996). All the experiments with Silene were performed in a 
climate room at 20/15 ºC d/n, photon flux density at plant level 240 µmoles m
-2
 sec
-1
, 10 h d
-
1
, air humidity 75% RH. 
Seeds of wild-type A. thaliana (Col), and hma5 mutant and transgenic lines were 
sterilized in 96% ethanol followed by 10% bleach, washed three times with sterilized water, 
suspended in 0.1% agarose, and sown on 0.8% (w/v) gelrite plates containing 0.5% 
Murashige and Skoog (MS) salts at pH 5.7-5.9 with 25 µg ml
-1
 hygromycin for transgenic 
lines, 25 µg ml
-1
 kanamycin for the mutant and no antibiotic for wild-type on square petri 
plates that were placed vertically, to allow the recording of root growth. Seeds were 
germinated at 22 ºC under a 10-h-light/14-h-dark photoperiod. After two weeks seedlings 
were transferred to hydroponics (see above). The experiments with Arabidopsis were 
performed in a climate room at 20/15 ºC d/n, photon flux density at plant level 240 µmoles m
-
2
 sec
-1
, 10 h d
-1
, air humidity 75% RH. 
Cu tolerance testing 
Cu tolerance in S. vulgaris was tested using the sequential exposure method described in 
Schat and Ten Bookum (1992). In short, after two weeks in non-Cu-amended nutrient 
solution, plants were exposed to a sequence of linearly increasing concentrations of copper in 
the test solution (2-d exposure to each concentration). Prior to exposure to the first 
concentration, the roots were stained by dipping them in a stirred suspension of finely 
powdered active carbon. At each transfer to a higher concentration the plants were checked 
for root growth and subsequently re-stained. In case of a complete arrest of root growth, 
plants were transferred to normal solution with 0.1 µM Cu, to check for their ability to 
resume root growth (root growth was resumed in all cases, showing that the root growth 
arrest was invariably owing to toxic Cu exposure). The lowest copper concentration that  
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completely stopped root growth (lowest 100%-effect concentration [EC100]) was taken as a 
tolerance measure. To identify non-Cu-hypertolerant phenotypes, F2 and F3 plants, together 
with plants of the Am parent population, were tested using a 2-, 4-, 6-, 8-, 10-, 12-, 16-µM 
CuSO4 concentration series. To identify the Cu-hypertolerant phenotype, F2 plants were 
tested, together with plants of the Im parent population, using a 50-, 100-, 150-, 200-, 250-
µM concentration series. 
S. paradoxa populations were tested for Cu tolerance using a standard multiple 
concentration test, described in Schat and Ten Bookum (1992). Twelve plants per population 
per concentration (three plants per pot, each of a different population) were exposed to a 
series of Cu concentrations (0.1, 4, 16, 64 µM CuSO4). After five days of exposure, the root 
length increase was measured, using the active carbon staining method (Schat and Ten 
Bookum, 1992). Eighteen plants per population were left unstained for RNA extraction. 
Seeds of Arabidopsis wild-type (Col), hma5 mutants, and transgenic T1 lines (see 
below) were treated and selected as above, and transferred to hydroponics (3 plants per pot, 
each of a different genotype). After two weeks in hydroponics, 10 plants per genotype per 
concentration were exposed to a series of Cu concentrations (0.1, 0.2, 0.4, 0.8, 1.0, 1.5 µM 
CuSO4). After five days of exposure, the root length increase was measured, using the active 
carbon staining method. 
DNA/RNA extraction and cDNA synthesis 
Fresh root and leaf samples were snap-frozen in liquid nitrogen and stored at -80 ºC until 
extraction. RNA was extracted using Trizol
TM
 (Invitrogen), following the manufacturer’s 
instructions and as described in Jack et al. (2007). DNA was isolated according to Karp et al. 
(1999). Single-stranded cDNA was synthesized from total RNA (2.5 µg, boiled for 1 minute) 
using 100 Units M-MLV Reverse Transcriptase (Invitrogen), 2 mM dNTPs, 100 mM DTT, 
10X RT buffer and 10 µM oligo dT primer at 42 ºC for 1 hour. 
Amplification and sequencing of Sv and Sp HMA5 gDNA and the SvHMA5 gene 
promoter 
To pick up the Silene ortholog of HMA5, we performed PCR on DNA from Im, using two 
pairs of degenerate primers (Supporting Information Methods). The fragments were cloned in 
the pGEM-T Easy vector (Promega), and then sequenced using the Big Dye Terminator kit 
ABI on a 3100 ABI sequencing machine. Two fragments, called SvHMA5-1 and SvHMA5-2,  
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corresponded with HMA5 sequences. The ImHMA5-1 and ImHMA5-2 3’UTR were amplified 
by 3’RACE from the cDNA and the 5’UTR and promoter sequences of ImHMA5-1 were 
amplified by chromosome walking, using the Clontech (PT3042-2) Universal Genome 
walker kit (Supporting Information Table S2). All the fragments were cloned in pGEM-T 
Easy vector (Promega) and sequenced. The complete HMA5-1 gDNA sequence was also 
amplified from the Am population, using Im-based primers. SpHMA5-1 gDNA fragments 
were amplified from the populations Imp, MAP, and Ro, using Im based primers. Fragments 
were cloned and sequenced (see above). 
Quantitative RT-PCR 
Intron spanning primers used for quantitative RT-PCR on HMA5 (Supporting Information 
Methods) were based on sequences that were identical among the Im and Am populations of 
Silene vulgaris, or the Imp, MAP and Ro populations of S. paradoxa, respectively. The house 
keeping gene Actin-2 was used as a positive internal control. qRT-PCR was also performed 
on MT2b, with intron spanning primers based on known sequences (Supporting Information 
Methods; Van Hoof et al., 2001a; Mengoni et al., 2003). Real-time RT-PCR was performed 
with SYBR green 2X mastermix (Bioline) on an Opticon 1 real-time PCR machine (MJ 
Research) following the manufacturer’s instructions. To estimate gene copy numbers, qPCR 
was performed also on genomic DNA using primers based on the DNA sequence (Supporting 
Information Methods). All qPCR reactions were performed in triplicate, and a maximum 
difference of 1 cycle between the CT of the triplicate samples was considered acceptable. 
Negative controls were included for each primer pair to check for significant levels of any 
contaminants. Expression and copy number values were calculated using the 2
-ΔΔC
T method 
(Livak and Schmittgen, 2001). 
Constructs making and expression in A. thaliana 
The ImHMA5 gDNA and ImHMA5p1::ImHMA5 gDNA were amplified with sense and anti-
sense specific primers containing attB1 and attB2 site overhangs respectively (Supporting 
Information Methods), using Phusion High-Fidelity DNA Polymerase (Finnzymes) by doing 
PCR on DNA of Im. All the PCR products were run on a gel, the products of the right lengths 
were cut from the gel, purified using Gel Extraction Kit (QIAGEN), cloned in entry vector 
pDONR221 P1, P2 by BP reaction (Invitrogen) using BP Clonase
TM
 II, and sequenced. Then 
they were transferred to the destination vector pH7WG2 by LR reaction using LR Clonase II  
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(Karimi et al., 2002). In case of promoter-gDNA constructs the 35S CMV promoter was 
deleted from the vector. The expression clone was introduced into Agrobacterium 
tumefaciens strain C58 (pMP90) by electroporation. Arabidopsis thaliana hma5 mutants were 
transformed and transgenic T0 plants were selected as described above. After two weeks of 
growth in hydroponics, the transcript levels of the transgenes were measured by quantitative 
RT-PCR, taking Actin-2 as a positive internal control (see above). 
Determination of root and shoot Cu concentrations 
Before harvest the roots were desorbed with ice-cold 5-mM PbNO3 for thirty minutes, then 
rinsed with demineralized water and blotted dry with paper tissue. Twenty to 100 mg of dried 
plant material was digested in 2 ml of 37% (v/v) HCl: 65% (v/v) HNO3 (1:4, v/v) in Teflon 
cylinders for 7 hours at 140 °C, after which the volume was adjusted to 10 ml with 
demineralized water. Cu concentrations were determined on an atomic absorption 
spectrophotometer (Perkin Elmer AAS100). 
Statistics 
Statistic analysis was performed using one-, two-, and three-way ANOVA. The MSR statistic 
was used for a posteriori comparisons of individual means (Rohlf and Sokal, 1981). When 
necessary, data were subjected to logarithmic transformation prior to analysis. 
 
 
Results 
 
Cu tolerance 
Cu tolerance was determined in an F2 progeny of an Amsterdam (Am) × Imsbach (Im) S. 
vulgaris cross, together with control samples of both parent populations (n = 24), using 
sequential exposure tests. When screened using 2-µM Cu concentration intervals, root growth 
was completely arrested at 8 µM Cu in all of the Am parents. This was also the case for 15 
out of 200 F2 plants, not significantly different from the expectation of 13, according to the 
model of two additive, dominant or co-dominant epistatic loci for Cu hypertolerance (Schat et 
al., 1993). Using 50-µM concentration steps, in all of the hypertolerant Im plants root growth 
was arrested not until 200-µM Cu, which was also found for 2 out of 1000 F2 plants. This is 
not significantly different from the expectation of 4, based on the four-gene model with co- 
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dominance for full hypertolerance (Schat et al., 1993). Of the 10 F3 lines derived from non-
hypertolerant F2, one appeared to contain individuals (5 out of 24) with an EC100 above 8 µM. 
This family was discarded from further measurements (see below). Out of the 10 lines 
derived from highly hypertolerant F2, none appeared to contain completely non-hypertolerant 
individuals, but all of them contained one or more individuals (out of 24) with EC100 < 100 
µM Cu. 
We also tested another set of Am x Im F2 families. Out of a total of 159 F2 plants that 
were tested using the 2-µM interval test, 15 had the non-hypertolerant phenotype (EC100 < 8 
µM), which is again in agreement with the model of two additive epistatic genes for Cu 
hypertolerance in Am x Im crosses (Schat et al., 1993). Out of 1241 plants tested with the 50-
µM interval test, 15 had an EC100 higher than 100 µM, but not a single plant recovered the 
fully hypertolerant Im phenotype (EC100 > 150 µM), which is significantly different from the 
expectation of 5, based on the four-gene model with co-dominance for full hypertolerance.  
Using a standard multiple concentration test, we checked Cu tolerance in the S. paradoxa 
populations. Two of the mine populations, FC and CM, showed significantly enhanced levels 
of Cu tolerance, in comparison with all of the other populations, including the third mine 
population (Ro), of which the Cu tolerance level was not significantly different from that of 
the non-metallicous and serpentine ones (Fig. 1). 
 
Fig. 1. Root length increment in different populatios of S. paradoxa (Colle Val D'Elsa [CVD], Monte Ceceri 
[MC], Monte Acutodi Pari [MAP], Impruneta [Imp], Pomaia [Po], Pieve Santo Stefano [PSS], Roccatederighi 
[Ro], Campiglia Marittima [CM], and Fenice Capanne [FC]) during 4 d of exposure to four different Cu 
conentration in the nutrient solution (means ± SE of 10 plants).  
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Fig. 2. HMA5-1 expression relative to Am at 0.1 µM in shoot (a) and HMA5-2 expression relative to Pl at 0.1 
µM in shoot (b) in Cu-hypertolerant (Im) and non-Cu-hypertolerant populations (Am, Pl) of S. vulgaris (values 
for Im in inserted window) (means ± SE of 3 samples, each composed of three plants). Plants were pretreated 
for 48 h with 0.1 or 2 µM Cu. 
Characteristics of SvHMA5 and SpHMA5 
We did PCR on DNA of the S. vulgaris populations to amplify the S. vulgaris orthologs of 
AtHMA5, and identified the complete genomic DNA sequences of HMA5-1 from Im and Am  
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and a partial sequence of HMA5-2 from Im and Am (accession numbers given in Supporting 
Information Table S1). SvHMA5-1 has eight exons and seven introns, whereas AtHMA5 has 
six exons and five introns. ImHMA5-1 and AmHMA5-1 are about 97% identical with each 
other, both on a nucleotide and an amino acid basis. ImHMA5-1 and AmHMA5-1 are both 
about 60% identical with AtHMA5, the corresponding proteins being 54% identical with 
AtHMA5 (Supporting Information Alignment S1, S2, Table S3). ImHMA5-2 is 58% identical 
to both ImHMA5-1 and AmHMA5-1, and 69% identical to AtHMA5 on a nucleotide basis 
(Supporting Information Alignment S1, Table S3). On an amino acid basis ImHMA5-2 is 
50% identical to ImHMA5-1 and AmHMA5-1, and 68% identical with AtHMA5 (Supporting 
Information Alignment S2, Table S3). 
We made an alignment of the AtHMA5 promoter and the ImHMA5-1 promoter (820 
bp upstream of start codon). These promoters have only 35% similarity (Supporting 
Information Alignment S3). 
Using SvHMA5-1-based primers we amplified partial sequences from S. paradoxa, 
populations Ro, MAP, and Imp, which were 99% identical, on a nucleotide basis, among 
each other, and 96% identical with SvHMA5-1 (Supporting Information Table S3). Therefore 
we call this sequence SpHMA5-1, although we cannot align it with the SvHMA5-2 partial 
sequence (Supporting Information Alignment S1). 
 
HMA5 expression in S. vulgaris and S. paradoxa populations 
The constitutive and Cu-induced SvHMA5-1 and SvHMA5-2 expression levels in root and 
shoot tissues were measured in populations Im, Am and Pl. In all the populations, both in 
roots and in shoots, the 2-µM Cu treatment did not show a significant effect on the SvHMA5-
1 and SvHMA5-2 transcript levels. Overall, SvHMA5-1 was slightly, but significantly more 
expressed in roots than in shoots. SvHMA5-2 was almost exclusively expressed in roots. On 
average, SvHMA5-1 was about 7-fold higher expression in Im than in Am or Pl (Fig. 2a). 
SvHMA5-2 was on average 15-fold and > 50-fold higher expression in Im, in comparison 
with Am and Pl, respectively (Fig. 2b). 
We analyzed the constitutive expression levels (at 0.1 µM Cu) of HMA5-1 in the roots 
of different accessions of S. paradoxa. Low and similar expression levels were found in MC, 
Imp, Ro, and PSS. Significantly higher levels of expression were found in the two Cu- 
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hypertolerant populations, CM and FC, but also in CVD, which is one of the non-
metalliferous, non-Cu-hypertolerant populations (Fig. 3). 
 
Fig. 3. HMA5-1 expression in the root tissues of different populations of S. paradoxa (CVD, MC, MAP, Imp, 
Po, PSS, Ro, CM and FC), relative to MC (means ± SE of 3 samples, each composed of 3 plants). 
HMA5 expression in Cu-hypertolerant and non-hypertolerant F2 and F3 S. vulgaris 
progenies 
We checked HMA5-1 expression in the roots of the selected and confirmed Cu-hypertolerant 
and non-Cu-hypertolerant F3 progenies of an Im x Am cross (see above), along with both 
parent populations, after 48 h of exposure to different Cu concentrations (0.1, 1 and 20 µM 
for Am and non-hypertolerant F3, and 1, 20 and 400 µM for Im and Cu-hypertolerant F3, to 
allow comparison at more or less equal levels of stress). At the 1-µM Cu exposure level 
HMA5-1 expression in Im was about 8-fold higher than in Am, comparable with the previous 
experiment (see above). At the 20-µM exposure level however, the expression was strongly 
upregulated in Am, whereas there was no detectable effect of Cu exposure in Im (Fig. 4). 
The non-Cu-hypertolerant F3 lines exhibited a slightly and insignificantly enhanced 
expression at 0.1 and 1 µM Cu, but a significantly lower expression at 20 µM Cu, in 
comparison with Am. At the 1-µM and 20-µM exposure levels the HMA5-1 expression levels 
in the Cu-hypertolerant lines were significantly higher than those in the non-hypertolerant 
lines, but significantly lower than those in the Im parent population (Fig. 4). 
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Fig. 4. HMA5-1 expression (fold increase relative to Am at 0.1 µM) in roots of non-Cu-hypertolerant (Am) and 
Cu-hypertolerant (Im) S. vulgaris populations, and in non-Cu-hypertolerant (- Cu-ht) and Cu-hypertolerant (+ 
Cu-ht) F3 lines derived from a single Am x Im cross (means ± SE of 9 plants or lines, one plant per line). Plants 
were pretreated for 48 h to 0.1, 1, 20 or 400 µM Cu. 
The constitutive transcript levels of SvHMA5-1 and SvHMA5-2 were also analyzed in 
selected root samples of F2 plants of different crosses with extreme phenotypes for Cu 
tolerance (samples were taken before tolerance testing; see M&M). In the Cu-hypertolerant 
plants, HMA5-1 expression was significantly higher (about 3-fold) than in non-Cu-
hypertolerant plants. HMA5-2 was also highly expressed in the Cu-hypertolerant plants, albeit 
barely significantly (P = 0.05), and less than 2-fold, in comparison with the non-Cu-
hypertolerant plants (Fig. 5). 
 
Fig. 5. HMA5 expression in rootsofnon-Cu-
hypertolerant (- Cu-ht) and Cu-hypertolerant (+ Cu-
ht) F2plants selected from a pool of Am x Im 
crosses (means ± SE of 15 plants). 
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Fig. 6. MT2b expression in shoot and root in non-Cu-hypertolerant (Am) and Cu-hypertolerant (Im) populations 
of S. vulgaris (relative to Am in root at 0.1 µM) after 48 h exposure to (a) 0.1 µM and (b) 2 µM Cu (means ± SE 
of 3 samples each composed of three plants). 
 
Fig. 7. MT2b expression in roots in different populations of S. paradoxa grown at 0.1 µM Cu (CVD, MC, MAP, 
Imp, Po, PSS, Ro, CM and FC), relative to expression in MC (means ± SE of 3 samples, each composed of 3 
plants). 
MT2b expression in different S. vulgaris and S. paradoxa populations 
MT2b expression was analyzed in shoots and roots of the Im and Am S. vulgaris populations, 
both under control conditions (0.1 µM Cu) and after 48 h exposure to 2 µM Cu, using real  
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time RT-qPCR. In the Cu-hypertolerant Im population, MT2b expression was significantly 
enhanced, both in the shoot and root, in comparison with Am, both at 0.1 and 2 µM Cu (Fig. 
6), which is in conformity with previous results obtained with semi-quantitative methods 
(Van Hoof et al., 2001a). 
MT2b expression was also analyzed in the roots of different S. paradoxa populations. 
The highest MT2b expression levels were found in the mine populations, particularly in the 
Cu-hypertolerant ones, FC and CM (Fig. 7). 
 
 
Fig. 8. Genomic copy number of HMA5 in Cu-
hypertolerant (Im) and non-Cu-hypertolerant (Am) 
populations of S. vulgaris, relative to SvAct2 (n = 
10).
 
Fig. 9. Genomic copy number of HMA5-1 in different populations of S. paradoxa (CVD, Po, PSS, CM and FC) 
relative to SpAct2 (n = 10). 
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Genomic copy numbers of HMA5 and MT2b in S. vulgaris and S. paradoxa populations 
We performed a real time quantitative PCR on the genomic DNA of the Im and Am S. 
vulgaris populations, using specific HMA5-1 and HMA5-2 primers, to estimate the genomic 
copy numbers of these genes. Im seemed to have 4- and 19-fold more genomic copies of 
HMA5-1 and HMA5-2, respectively, in comparison with Am (Fig. 8). We checked the copy 
numbers of HMA5-1 in five different populations of S. paradoxa. All the populations had the 
same number of genomic HMA5-1 copies (Fig. 9). 
The genomic copy numbers of MT2b were compared in selected populations of S. 
vulgaris and S. paradoxa. In S. vulgaris MT2b appeared to be triplicated in Im, in comparison  
with Am (Fig. 10b). In S. paradoxa the Cu-hypertolerant populations CM and FC had four 
and two times more copies than the non-metallicous reference population, CVD, respectively. 
Also one of the serpentine populations, Po, seemed to have two times more copies than CVD 
(Fig. 10a). In the other serpentine population the copy number was not significantly different 
from CVD. 
(a) (b) 
  
Fig. 10. Genomic copy number of MT2b in different populations of (a) S. paradoxa (CVD, PSS, Po, FC and 
CM) relative to SpAct2 and (b) S. vulgaris (Am and Im) relative to SvAct2 (means ± SE of 10 plants). 
Copper accumulation in S. paradoxa and S. vulgaris populations and F3 lines 
F3 lines derived from Cu-hypertolerant (EC100 > 100 µM Cu) and non-Cu-hypertolerant F2 
(EC100 < 8 µM) (see before) were exposed to three different concentrations of Cu in the  
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nutrient solution, along with the Im and Am parent populations. After one week of exposure 
Cu was measured in leaves and roots of these lines. Im plants consistently showed lower Cu 
concentrations than Am plants did, both in shoots and in roots. The F3 lines showed 
significant variation among each other, but this variation was not related with their origin 
from a non-hypertolerant or a Cu-hypertolerant F2 plant (Fig. 11a,b). 
(a) 
 
(b) 
 
Fig. 11. Shoot (a) and root (b) Cu concentrations (µmol g-1 DW) in Cu-hypertolerant (Im) and non-Cu-
hypertolerant (Am) Silene vulgaris populations, and in F3 families derived from non-Cu-hypertolerant (157, 165, 
212) and Cu-hypertolerant (271, 430, 760) F2 plants selected from different Im x Am crosses (means ± SE of 
two samples, each composed of 4 plants). Plants were exposed for 5 d to 0.1, 1, or 5 µM Cu in the nutrient 
solution. 
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(a) 
 
(b) 
 
Fig. 12. Shoot (a) and root (b) Cu concentrations (µmol g-1 DW) in nine different populations of S. paradoxa 
(CVD, MC, MAP, Imp, Po, PSS, Ro, CM and FC) values are means ± SE of three samples, each composed of 2 
plants. Plants were exposed for 5 d to 0.1 or 4 µM Cu in the nutrient solution. 
The Cu concentrations in shoots and roots were also measured in the nine S. paradoxa 
populations, after 5 d of exposure to 0.1 and 4 µM Cu in the nutrient solution. There were 
significant differences among populations and the population x treatment interaction was also 
significant. The Cu-hypertolerant mine populations, FC and CM, were among the best shoot 
excluders, although their foliar Cu concentrations were not significantly different from those 
of several others (Fig. 12a). At the 4-µM exposure level, the root Cu concentration was  
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significantly lower in FC than in any of the other populations (Fig. 12b). The root Cu 
concentration in CM, however, was not significantly different from the majority of the other 
populations. The third population with enhanced HMA5-1 expression, CVD, was not distinct 
from most of the others (Fig. 12). 
Characterization of the Athma5 mutant expressing HMA5 under different promoters 
We expressed ImHMA5-1 gDNA under its natural promoter as well as the CMV 35S 
promoter in the A. thaliana hma5 mutant (Col) and measured the transcript levels of HMA5-1
in selected T0 plants growing at 0.1 µM Cu by real-time quantitative RT-PCR. When 
expressed under its own promoter the ImHMA5-1 transcript concentrations were 20 times 
higher in the shoot, but similar in the root, in comparison with AtHMA5 in wild-type A. 
thaliana (Col) (Fig. 13). When expressed under the 35S CMV promoter, the ImHMA5 
transcript concentrations were 1600-fold and 16-fold enhanced in shoot and root respectively, 
relative to AtHMA5 in wild-type A. thaliana. 
 
 
Fig. 13. HMA5 expression in the A. thaliana hma5 
mutant expressing Imp1::ImHMA5-1 and in A. 
thaliana (wt) relative to A. thaliana (wt) in shoot 
(means ± SE of 4 plants). 
The A. thaliana hma5 mutant, wild-type and transgenic lines were exposed to six 
different Cu concentrations in the nutrient solution. Root growth was measured after four 
days of exposure, using the active carbon staining method. Root growth decreased 
significantly with increasing Cu concentration, and there was significant overall variation 
among genotypes (P < 0.01), due to the poor growth of the mutant at the highest four Cu 
exposure levels, and a barely significant genotype x Cu exposure interaction (P < 0.05),  
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mainly due to a significant difference in response to the highest Cu concentration between 
one of the p35S::ImHMA5-1 lines (number 44) and the mutant. 
 
Fig. 14. Root length increment in A. thaliana wild-type (wt), hma5 mutant and transgenic lines during 4 d of 
exposure to six different Cu conentrations in the nutrient solution (means ± SE of 10 plants). 
 
Fig. 15. Shoot Cu concentrations in A. thaliana wt, hma5 mutant and transgenic lines, exposed for 4 d to six 
different Cu concentrations in the nutrient solution (means ± SE of 3 samples, each composed of three plants). 
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The shoot Cu concentrations increased gradually from the 0.1- to the 0.4-µM Cu 
exposure level, then increased sharply from the 0.4- to the 0.8-µM exposure, and then 
decreased again, probably due to heavy metal toxicity (Fig. 15). The effect of genotype on the 
shoot Cu concentration was significant, as was the genotype x Cu exposure interaction. As 
expected, the mutant showed overall the lowest foliar Cu concentrations. At the lower 
exposure levels, up to the 8-µM one, the Imp1::ImHMA5-1 construct completely 
complemented the mutant regarding its Cu translocation, whereas the p35S::ImHMA5-1 
construct did not or incompletely did. At the highest two exposure levels, however, the 
p35S::ImHMA5-1 construct complemented the mutant at least as good as the 
Imp1::ImHMA5-1 construct did, that is, in both cases incompletely. 
 
 
Discussion 
 
In contrast to A. thaliana, S. vulgaris apparently possesses two HMA5-like Cu transporters, 
which differ mainly in their N-terminal parts. SvHMA5-1 is expressed comparably in roots 
and shoots, whereas SvHMA5-2 is mainly expressed in roots (Fig. 2a,b). In S. vulgaris the 
constitutive expression levels of these genes are strongly enhanced in a cupricolous 
population, in comparison with a non-metallicolous and a calamine one (Fig. 2a,b). 
Moreover, SvHMA5-1 expression is non-Cu-inducible in Cu-hypertolerant plants (Im), but 
up-regulated by Cu in the non-metallicolous plants (Am), though only under lethal Cu 
exposure (20 µM Cu), but not under sub-lethal toxic exposure levels (1 and 2 µM Cu; see 
Schat and Ten Bookum, 1992) (Fig. 4). Also in two Cu-hypertolerant S. paradoxa 
populations the constitutive levels of SpHMA5-1 expression are higher than they are on 
average in non-Cu-hypertolerant populations (Fig. 3), although the differences are less 
conspicuous than in S. vulgaris. However, this also applies to the levels of Cu-hypertolerance 
(see Schat and Ten Bookum, 1992). 
The above findings suggest that constitutive over-expression of HMA5 is required for 
Cu hypertolerance in both species. This is further supported by the significant co-segregation 
in the progeny of two independent Am x Im crosses of the constitutive level of SvHMA5-1 
expression (and of SvHMA5-2 in at least one of them) with Cu hypertolerance. Since the  
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positions of the plants in the climate room have been continuously randomized throughout 
tolerance testing, this co-segregation must be due to common or physically linked genetic 
determinants, rather than environmental correlation. One might argue that the high 
constitutive HMA5 expression level of the Im parents is not fully recovered in the selected 
Cu-hypertolerant progenies (Fig. 5), but the same applies to the level of Cu hypertolerance, 
suggesting that there may be a degree of proportionality between the degrees of HMA5 
expression and Cu hypertolerance. 
Concerning the question whether enhanced constitutive HMA5 expression is sufficient 
or merely required for Cu hypertolerance, our results are not fully conclusive. To demonstrate 
that it would be required for Cu hypertolerance in Silene, the gene should be silenced in 
cupricolous plants, preferably down to the level observed in non-cupricolous plants. 
Unfortunately, we have not been able to genetically transform Silene thus far. However, the 
observation that one of the non-metallicolous S. paradoxa populations (CVD) shows an 
extraordinary high level of constitutive HMA5-1 expression (Fig. 3), but no detectable degree 
of Cu-hypertolerance (Fig. 1), suggests that HMA5 over-expression is in itself not sufficient 
for Cu hypertolerance. This is also suggested by the observation that even the extreme levels 
of HMA5-1 expression in the A. thaliana hma5 mutant produced by the 35S CMV promoter 
restores a wild-type-like Cu tolerance level, but does not yield significant Cu hypertolerance 
(Fig. 14). Expression under an Im promoter complements the mutant too, but does not yield a 
higher-than-wild-type expression level in the roots, although it does so in the shoot (Fig. 13). 
However, it is likely, such as shown for Zn hypertolerance by means of split-root experiments 
(Harmens et al., 1993), that Cu hypertolerance in roots is based on a mechanism operating in 
the roots themselves. Therefore, we cannot exclude the possibility that the absence of 
significant hypertolerance in the p35S::ImHMA5-1 lines is owing to incorrect tissue 
specificity, rather than insufficiency for Cu-hypertolerance of HMA5-1 over-expression. 
In agreement with previous studies (Van Hoof et al., 2001a; Mengoni et al., 2003; 
Jack et al., 2007), MT2b appears to be over- expressed in metallicolous populations of S. 
vulgaris and S. paradoxa, in comparison with non-metallicolous ones (Figs. 6 & 7). The 
precise function of MT2b over-expression in metallicolous populations remains elusive. As 
suggested by a previous study, MT2b over-expression might act as a hypostatic enhancer, 
rather than a primary determinant of Cu-hypertolerance (Van Hoof et al., 2001a). MT2b is 
also over-expressed in some calamine populations of S. vulgaris, in particular Pl, although  
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high-level MT2b expression does not co-segregate with Cd or Zn hypertolerance in progenies 
of Am x Pl crosses (Jack et al., 2007). However, MT2b over-expression in these calamine 
populations might still act as a hypostatic enhancer of Zn or Cd hypertolerance, or 
alternatively, serve to maintain proper Cu homeostasis in strongly Cd/Zn/Pb-enriched 
environments (Jack et al, 2007; Roosens et al., 2004, 2005a,b; Hassinen et al., 2009). In any 
case, out of the three S. paradoxa mine populations under study here, FC is hypertolerant to 
Cu, Zn and Cd (Arnetoli et al., 2008), MC to Zn but not to Cd, and Ro is non-hypertolerant to 
all of these metals (S. Pignatelli and I. Colzi, unpublished). The high levels of MT2b 
expression in FC and CM are thus associated with both Cu and Zn hypertolerance, and the 
precise genetic correlations remain to be resolved. Regardless of this, compared thus far (Jack 
et al., 2007), the two cupricolous ones, Im and Ma (= Marsberg, Germany), exhibit the 
highest MT2b expression levels, insignificantly higher than Pl, but significantly higher than 
another calamine population, Bl (= Blankenrode, Germany), even though Ma barely shows 
hypertolerance to Zn and Cd (Schat et al., 1996; Schat and Vooijs, 1997). This suggests that 
Cu hypertolerance may require higher levels of MT2b expression than Zn or Cd 
hypertolerance does.  
MT2b over-expression is confined to metallicolous populations both in S. vulgaris and 
S. paradoxa but, at least in case of S. vulgaris, not necessarily to Cu-hypertolerant 
populations. HMA5 over-expression occurs in a cupriculous population (Im), but neither in 
the Zn/Cd-hypertolerant population (Pl), nor in the non-metallicolous population (Am) (this 
study). In S. paradoxa, HMA5 over-expression occurs in two Cu/Zn-hypertolerant 
populations, but also in a non-Cu-hypertolerant one (CVD) (this study). In other words, it is 
the combined over-expression of both HMA5 and MT2b that is unique to the Cu-
hypertolerant populations in both species, suggesting that it is in both species required for Cu 
hypertolerance. We do not have the unambiguous evidence that combined HMA5/MT2b over-
expression is sufficient for Cu hypertolerance. First, the genetic architecture of Cu 
hypertolerance in S. vulgaris seems to be complex. The fact that in this study we recovered 
no more than two F2 plants with the Im phenotype for Cu tolerance out of a total of more than 
2000 tested plant, points at the segregation of five genes, rather than the four genes proposed 
before (Schat et al., 1993). Of course, there is a possibility that all of these factors are 
involved in the control of HMA5. In any case, MT2b over-expression inherits as a single-gene 
trait in Am x Im crosses, with over-expression being strictly associated with the MT2b allele  
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originating from Im (Van Hoof et al., 2001a). Second, it may be difficult to obtain evidence 
at this point from transgenic experiments with Arabidopsis, because both HMA5 and MT2b 
over-expression in Im might rely on copy number expansion, rather than alterations of cis-
regulatory sequences (see below).  
The precise roles of HMA5 and MT2b in Cu hypertolerance remain elusive. It can be 
assumed that HMA5 effluxes Cu across the plasma membrane from the cytosol into the 
apoplast, while MT2b acts as a cytosolic Cu buffer. In A. thaliana HMA5 is primarily 
expressed in the root pericycle, and it is believed to be essential for Cu root-to-shoot transport 
under low Cu supply (Kobayashi et al., 2008). It could also mediate Cu efflux from the root 
tip under high Cu supply (Andrés-Colás et al., 2006), which is difficult to reconcile with a 
localization exclusively in the pericycle. MT2b is primarily expressed in the phloem of roots 
and shoots (Guo et al., 2003). Given these localizations, it is not obvious how these proteins 
could co-operate to produce Cu hypertolerance upon over-expression, unless it is assumed 
that excess Cu is mainly sequestered in the phloem, and that HMA5 would mediate the 
translocation of Cu into the phloem. Alternatively, over-expression of HMA5 and MT2b in 
Cu-hypertolerant plants could be associated with altered patterns of tissue- or cell-specificity. 
This issue should be resolved by comparative transcript and protein localization studies.  
The possibility that HMA5 could mediate Cu efflux from the root tip into the rooting 
medium is interesting, because the Im population of S. vulgaris is a clear-cut example of a Cu 
excluder, maintaining low internal Cu concentrations, both in shoot and root, over a broad 
range of external Cu concentrations, in comparison with non-Cu-hypertolerant populations 
(Fig. 11, this study; Lolkema and Vooijs, 1986; Schat and Kalff, 1992). Also the FC 
population of S. paradoxa is clearly a Cu excluder (Fig. 12, this study; Colzi et al., 2011, 
2012). However, CM does not seem to exclude Cu, at least not from its roots (Fig. 12b), and 
in our experiments with selected F3 S. vulgaris lines there was no consistent difference 
between the shoot and root Cu concentrations of the Cu-hypertolerant and the non-Cu-
hypertolerant lines. Thus, there is no consistent association of Cu hypertolerance and HMA5 
over-expression with Cu exclusion from roots or shoots. This might point at genetic variation 
in the expression of determinants of Cu accumulation other than HMA5, e.g. Cu influx 
transporters. However, since such variation is expected to be tolerance-correlated, it remains 
puzzling that it has apparently not been co-selected with selection for Cu hypertolerance in 
the F3 lines. It is conceivable that the plant-internal Cu compartmentalization patterns are  
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more important regarding Cu-hypertolerance than are the total Cu concentrations of leaves or 
roots.  
The association of combined over-expression of HMA5 and MT2b with Cu-
hypertolerance in two different species of Silene is a striking example of independent parallel 
evolution, suggesting that natural selection under the pressure of Cu toxicity provokes the 
evolution of the same or at least very similar Cu hypertolerance mechanisms in different 
populations and species. The types of genomic chances involved seem to be population- or 
species-specific, however. In the Im population of S. vulgaris, over-expression of both 
HMA5-1 and HMA5-2 is associated with expansion of the genomic copy numbers of these 
genes, in comparison with the non-Cu-hypertolerant population. We cannot provide solid 
evidence that copy number expansion is the major mechanism of HMA5 over-expression in 
Im, but the fact that the single ImHMA5 promoter that we isolated does not seem to be more 
active than the AtHMA5 promoter, at least not in the root, supports an important role for copy 
number expansion. However, in view of the more or less continuous variation in HMA5 
expression levels among the F2 and F3 progenies, it is unlikely that these copies are all in a 
tandem arrangement. Also MT2b is triplicated in the Im genome, with all the copies being 
probably in a tandem arrangement, in view of the observed single gene-like segregation 
pattern (Van Hoof et al., 2001a). MT2b copy number expansion in Im, through unequal cross-
over, has already been predicted from southern blotting (Van Hoof et al., 2001a). Again, it 
remains to be proven that tandem triplication is the reason for MT2b over-expression in Im, 
but there seems to be some degree of proportionality between copy numbers and expression 
levels at least (Fig. 10b). On the other hand, in S. paradoxa there is no apparent variation in 
HMA5 copy numbers among the populations, so the variation in expression must be due to 
altered cis- or trans-regulation of the gene. The variation in MT2b expression, on the other 
hand, is associated with copy number expansion in the Cu-hypertolerant populations FC and 
CM. However, also one of the serpentine populations (Po), with a higher-than-average MT2b 
expression, exhibits copy number expansion. In conclusion, it seems that copy number 
expansion is a major mechanism in the evolution of Cu hypertolerance in Silene, such as 
previously shown for Zn and Cd hyperaccumulation and hypertolerance in Arabidopsis 
halleri and Noccaea caerulescens (Hanikenne et al., 2008; Lochlainn et al., 2011; Craciun et 
al., 2012). 
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SUPPORTING TABLES 
 
Sequence Name GenBank accession number 
S. vulgaris ACT-2 JQ435885 
S. vulgaris HMA5-1 population Imsbach (Im) JQ904701 
S. vulgaris HMA5-1 population Amsterdam (Am) JQ904702 
S. vulgaris HMA5-2 population Imsbach (Im) JQ904703 
Supporting Table S1. Sequences submitted to GenBank with their accession numbers 
 
Genome walk Primer name Sequence 
1st walk 
ImHMA5rev1 CACTTTGTTGACGTCATCACC 
ImHMA5rev2 CGAAGCCACAATCTTCTACAGC 
2nd walk 
ImHMA5prRev1 GTCGATGGTGACAGAGTCCTG 
ImHMA5prRev2 GCTCCTCCAGATCGACTTCCA 
3rd walk 
ImHMA5prRev3 GCCGCAATCAAACAAGGAGGGGAG 
ImHMA5prRev4 GCATTTGTCAACTACTTTTTCACGCG 
Supporting Table S2. Primers used to amplify ImHMA5-1 5’UTR and promoter by genome walking 
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Coding sequence 
ImHMA5-1   58 98 69 96 96 96 60 
ImHMA5-2 50 
 
58 95 
   
69 
AmHMA5-1 97 51 
 
69 96 96 96 59 
AmHMA5-2 65 94 68 
    
74 
RoHMA5-1 99 
 
99 
  
99 99 65 
MAPHMA5-1 100 
 
100 
 
99 
 
99 67 
ImpHMA5-1 98 
 
98 
 
97 98 
 
66 
AtHMA5 54 68 54 78 67 70 69   
 
Amino acid  
Supporting Table S3. Percentage identity of the Sv/SpHMA5s and AtHMA5 on a nucleotide and an amino acid 
basis. In this comparison the full coding sequence of ImHMA5-1, AmHMA5-1 and AtHMA5, 1264 bps of 
ImHMA5-2, 419 bps of AmHMA5-2 and 320 bps of Ro/MAP/Imp HMA5-1 were used. 
 
SUPPORTING METHODS 
 
Amplification of S. vulgaris and S. paradoxa HMA5-1 and Sv HMA5-2 
The primer pairs used to amplify HMA5-1 and HMA5-2 are; 
SvHMA5-1: Degenerate fwd. 5’-RTNRTNGCNTGYCCNTGYGC-3’ and degenerate rev. 5’-GCRTCRTTDA-
TNCCRTCNCC-3’ which generated 2.3 kb fragment from DNA. 
SvHMA5-2: Degenerate fwd. outer 5’-GACWTGYKCBGCKTGYGCBGGWTC- 3’ and degenerate rev. outer 
5’ -TCTCCWGTKATCATRCTYTCATTSAC- 3’ and for nested PCR; degenerate fwd. inner 5’ -GTKGARA-
ARGCYRTCAARMGKCTBC- 3’ degenerate rev. inner 5’ -GRCTYTGBCCCCAWATRACAWAACC- 3’ 
which generated 2 kb fragment from DNA. 
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SpHMA5-1: fwd. 5’-GATTACTGGAGAAGCAGAGCCAG-3’ and rev. 5’-CAGGCAACTACAACAACAGA-
TATTCC-3’ 
 
Making Constructs 
For making the constructs for plant transformation, the following primers were used; 
ImHMA5-1 gDNA, Fwd. 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT ATGCAATCCATGAGTCT-
TCAC- 3’ and Rev.  5’ -GGGGAC-CACTTTGTACAAGAAAGCTGGGT GGCACTCAAGCAACATCTTGG- 
3’; 
ImHMA5-1p::ImHMA5 gDNA, Fwd. 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT TTAGACAGAT-
AGAATATCACC- 3’ and Rev. 5’ -GGGGACCACTTTGTACAAGAAAGCTGGGT GGCACTCAAGCAAC-
ATCTTGG- 3’; 
 
Primers used for Real time RT-qPCR 
S. vulgaris and S. paradoxa actin-2: Fwd. 5’-TCGCTCTATGCCAGTGGTCG- 3’ and Rev. 5’-TCAGATCC-
CGACCAGCAAGAT- 3’; 
A. thaliana actin-2: Fwd. 5’-ATGTCGCCATCCAAGCTGTTC- 3’ and Rev. 5’-CACCATCACCAGAATCC-
AGCA- 3’; 
S. vulgaris HMA5-1: Fwd. 5’-GAGGCTGCACAATTGGCAAGAG- 3’ and Rev. 5’-CCAGTTGCGAACCAT-
GCTAACC- 3’; 
S. vulgaris and S. paradoxa HMA5-1 for copy number: Fwd. 5’-CACATGTTGGATCAGAAACAGCAC- 3’ 
and Rev. 5’-GATCTGGTCGGCCAATTTCTG- 3’; 
S. vulgaris HMA5-2, for copy number also: Fwd. 5’-GAGACGAGTGCTATGCTCATTTCC- 3’ and Rev. 5’-
CATTCTTTTGTATCAGTCTGCTGTCG- 3’; 
S. paradoxa HMA5-1: Fwd. 5’-GAGGCTGCACAATTGGCAAGAG- 3’ and Rev. 5’-CCTGTTGCGAACCA-
TGCTAACC- 3’; 
S. vulgaris MT2b, for copy number also: Fwd. 5’-CTCAGCAAGCCTTGTCCTCG- 3’ and Rev. 5’-AAGGG-
TTGCACTGGCAGTTG- 3’; 
S. paradoxa MT2b, for copy number also: Fwd. 5’-CGGCTCAGCAAGCCTCATC- 3’ and Rev. 5’-CGCAC-
TTGCATCCGTTCTCAG- 3’ 
 
SUPPORTING ALIGNMENTS 
 
 
ImHMA5-1       ATG-----GAAG------------TCGATCTGGAGGAG----------------------  
AmHMA5-1       ATG-----GAAGTCCACCACAAACTCGACCTGGAAGAG----------------------  
AtHMA5         ATGGCGACGAAGCTTTTGTCGCTTACATGCATAAGGAAAGAGAGATTCAGCGAGCGTTAC  
 
ImHMA5-1       CCCCTATT--------ACAATCTCAGGACTC-TGTCACCATCG-ACATTCCTCAAC----  
AmHMA5-1       CCGCTATT--------ACATTCTCAGGACTC-TGTCACCATTG-ACATTCCTCATG----  
AtHMA5         CCTCTGGTGCGGAAGCACCTTACCAGGTCTCGCGACGGCGGCGGAGGATCATCGTCGGAG  
 
ImHMA5-1       ATGGTG-------------ATAAGAGGATCAAAACGTTGAAATTTGAGATTAAGGGTATT  
AmHMA5-1       ATGGTG-------------ATAAGAGGATTAAAACGTTGAAATTTGAGATTAAGGGTATT  
AtHMA5         ACGGCGGCTTTTGAGATCGATGATCCGATTTCCAGGGCGGTTTTTCAAGTGTTAGGAATG  
 
ImHMA5-1       GAGTGCGCATCTTGTGTAGCGTCAATTGAGTCTG-TGCTAAATAAGCTTGATGGAATACA 
ImHMA5-2       ------------------------GTGGAGAAGGCTGTCAAGCG-GCTTCCGGGGATTCG 
AmHMA5-1       GAGTGCGCATCTTGTGTAGCGTCAATTGAGTCTG-TGCTAAATAAGCTTGATGGAATAGA 
AtHMA5         ACTTGCTCTGCTTGCGCTGGATCTGTTGAAAAGGCTATCAAGCG-TCTCCCTGGAATTCA 
 
ImHMA5-1       CTCTATTTCTATATCAGTCATGGATGGCAAAGCAGTCGTCAAGTATCTCCCTCGAGTTAT 
ImHMA5-2       AGAAGCAGTCGTTGATGTTTTGAATAATCGGGCTCTTGTTTTCTTCTACCCTTCTTTTGT 
AmHMA5-1       CTCTATTTCTATATCAGTCATGGATGGCAAAGCAGTCGTCAACTATGTCCCTCGACTTAT 
AtHMA5         CGATGCTGTCATCGATGCTCTGAATAATCGTGCTCAGATTCTGTTTTACCCTAACTCTGT 
 
ImHMA5-1       TGATGGAAAAACAATAAAAGCCACCATAGAGGATGCAGGTTTCAAAGTA--------CAA 
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ImHMA5-2       TAATGAGGAACAAATCCGGGAGACTATAGAGGATGTCGGGTTTGAGGCCGCTTTGATTGA 
AmHMA5-1       TGATGGAAAAACAATAAAAGGCACCATAGAGGATGCAGGTTTCAAAGTA--------CAA 
AtHMA5         CGATGTGGAGACAATTCGTGAGACTATTGAGGATGCTGGATTTGAAGCATCGTTGATCGA 
 
ImHMA5-1       GGGTCTCCA-GAACAAGATATAG-----CAGTCTGTAGATTAAAGATCAAAGGGATGGCA 
ImHMA5-2       AGATGATAGTGG-TGA-AGGTAGCATTCAAATATGTAGACTACAAATAAAGGGAATGACC 
AmHMA5-1       GGATCTCCA-GAACAAGATATAG-----CAGTGTGTAGATTAAAGATCAAAGGGATGGCA 
AtHMA5         AAATGA-AGCGAATGAGAGGTCG-AGACAAGTTTGTAGAATAAGAATTAATGGTATGACT 
 
ImHMA5-1       TGTACCAGCTGTTCCGAGGCTGT---AGAGCGAGCCCTTTCAGCAGCTAATGGAGTCAAA 
ImHMA5-2       TGCACTACATGTGCT--AATTCTGTGGAAGCTAGTCTT-CTGGCAGTTCACGGTGTTAAA 
AmHMA5-1       TGCACCAGCTGTTCCGAGGCTGT---AGAGCGAGCCCTTTCGGCAGCTAATGGAGTCAAA 
AtHMA5         TGTACTTCGTGTTCTTCAACAAT-CGAAAG--AGTTTTGCAATCGGTTAATGGTGTACAA 
 
ImHMA5-1       AGGGCTGTCGTGGGCCTAGCTCTTGAGGAAGCCAAGGTCAATTTTGATCCTAACATTACC 
ImHMA5-2       AAGGCACAAGTCGCCTTGGCGACTGAAGAAGCCGAAATTCAATATGATCCAAA-GTTTGT 
AmHMA5-1       AGGGCTGTCGTCGGCCTAGCTCTTGAGGAAGCCAAGGTCAATTTCGATCCTAACATTACC 
AtHMA5         AGAGCACATGTGGCTTTAGCAATTGAAGAAGCTGAGATTCATTATGATCCTAG-ACTCTC 
 
ImHMA5-1       GACCCTAAACAGATCATT-CAAGCTGTAGAAGATTGTGGCTTCGATGCTGATCTTATAAG 
ImHMA5-2       CAGCTACAATGAGCTACTTGAAGCTGTGGAAGATAGCGGGTTTGAAGCTATACTTATAAG 
AmHMA5-1       GACCCTAAACAGATCATT-GAAGCTGTAGAAGATTGTGGCTTCGATGCTGATCTTATAAG 
AtHMA5         GAGCTATGATAGACTATTGGAGGAGATAGAAAATGCTGGTTTTGAAGCTGTGCTTATAAG 
 
ImHMA5-1       TGCTGGTGATGACGTCAACAAAGTGCACCTTAAGCTTAATGGAGTTCATTCTCTTCAAGA 
ImHMA5-2       TACAGGAGAAGATATAAGCAAGGTGCATCTAAAGGTTGATGGT----------ATGG--- 
AmHMA5-1       TGCTGGTGATGACGTTAACAAAGTGCACCTTAAGCTTAATGGAGTTCATTCTCTTGAAGA 
AtHMA5         TACAGGCGAGGATGTGAGCAAGATTGATTTGAAGATTGATGGTGAGCTTACTGATGAATC 
 
ImHMA5-1       TGCAAAGCTTGTT-AGATCTGCCCTTGAATTAGCTGCTGGGGTTAATTATGTCGAT---- 
ImHMA5-2       -----------TTGAGAGCT-CACTTCAAGCGCTTCCCGGGGTACAAACTGTAGACCTGG 
AmHMA5-1       TGCAAACCTTGTT-AGATCTGCCCTTGAATTAGCTGTTGGGGTTAATTATGTTGAT---- 
AtHMA5         CATGAAGGTTATTGAAAGGT-CGCTTGAAGCACTTCCTGGTGTTCAAAGTGTTGA----G 
 
ImHMA5-1       AT-GGATATTGAAGGTACCAAGGTAACTGTGAGCTATGACCCGGAATTAATTGGTCCAAG 
ImHMA5-2       ATGAGACATTGAAC-----AAAGTTTCTATAGCCTATAAGCCGGACATGACGGGACCTAG 
AmHMA5-1       AT-GGATATTGAAGGTAGCAAGGTAATTGTGAGCTATGATCCGGAATTAACTGGTCCAAG 
AtHMA5         ATCAGCCATGGAACTGA-TAAGATATCTGTATTGTACAAACCTGATGTGACGGGGCCGAG 
 
ImHMA5-1       ATCTCTGATACAATGCGTCAGAGAGGCTTCTGT---TGGTC-CAACATCTT--TTGATGC 
ImHMA5-2       AACCTTTATTGAA---GTGATTGACTCAATGG-----GGTC-CGGGAGTT---TCAAGGC 
AmHMA5-1       ATCTCTGATACAATGCGTCAGAGAGGCTTCTGT---TGGTC-CAACATCTT--TTGATGC 
AtHMA5         GAATTTCATTCAG---GTGATTGAGTCTACTGTCTTTGGTCATAGTGGTCACATCAAGGC 
 
ImHMA5-1       TAGCTTGTATGTTCCTCCCCCACAAAGAGAGA------------CTGATCGGCAAAAAGA 
ImHMA5-2       AA--TGATTTAT------CCTGAAGAGCGGGGAAAG----GATTCGCACAAACAAGAGCA 
AmHMA5-1       TAGCTTGTATGTTCCTCCCCCACAAAGAGAGA------------CTGATCGGCAAAAAGA 
AtHMA5         AA--CAATAT-T------CTCAGAGGGAGGGGTAGGCAGAGAATCTCAAAAGCAAGGGGA 
 
ImHMA5-1       GATCCTCATATACAAAACACAATTCTTATGGAGTTGTGTTTTTACTATCCCCGTATTTGT 
ImHMA5-2       AATTAAACAGTATTATCGGTCATTTGTCTGGAGTTTGATTTTCACAATCCCGGTTTTTCT 
AmHMA5-1       GATCCTCGTGTACAAAACACAATTCTTATGGAGTTGTGTTTTTACTATCCCTGTATTTGT 
AtHMA5         GATTAAGCAGTATTATAAGTCGTTTCTCTGGAGTTTGGTTTTTACAGTACCGGTGTTTTT 
 
ImHMA5-1       CTTTTCCATGATACTTCCTATGCTTAATCC--ATAT-GGCGACTGGTTAGAGTACAAAAT 
ImHMA5-2       GACCTCTATGGTGTTT---ATGTATATTCCCGGTATCAAGCATGCATTTGACATCAAGGT 
AmHMA5-1       CTTTTCCATGATACTTCCTATGCTTGATCC--ATAT-GGCAACTGGTTAGAGTACAAAAT 
AtHMA5         GACAGCCATGGTCTTT---ATGTATATCCCTGGAATTAAAGATTTGCTCATGTTTAAGGT 
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ImHMA5-1       TCACAATATGCTTACAATTGGAATGGTATTGAGGTGGATACTTTGTACACCAGTTCAGTT 
ImHMA5-2       TGTGAAGATGTTAACTGTCGGAGAGCTATTGAGGTGGATTTTATCGACTCCTGTCCAATT 
AmHMA5-1       TCACAATATGCTTACAATTGGAATGGTATTGAGGTGGATACTTTGTACACCAGTTCAGTT 
AtHMA5         CATCAATATGCTCACCGTTGGAGAAATCATAAGGTGTGTTTTGGCTACTCCTGTCCAGTT 
 
ImHMA5-1       CTTCATTGGCAGGAGGTTTTACATTGGAGCATATCATGCACTGAGGCGAAAATCTTCTAA 
ImHMA5-2       CGTTATTGGTTGGAGATTCTACACCGGGTCATATAAAGCATTGAGGAACGGTTCTGCTAA 
AmHMA5-1       CTTCATTGGCAGGAGGTTTTACATTGGAGCATATCATGCACTGAGGCGAAAATCTTCTAA 
AmHMA5-2       ---------------------------------TAAAGCATTGAGGAACGGTTCTGCTAA 
AtHMA5         TGTCATTGGTTGGAGATTTTATACTGGCTCTTACAAGGCTTTACGCCGAGGATCGGCTAA 
 
ImHMA5-1       TATGGATGTTTTGGTGGCCGTGGGAACCAATGCTGCTTATTTCTATTCTCTTTACATTCT 
ImHMA5-2       TATGGATGTTCTGATTGCCTTGGGAACAAATGCCGCTTACTTCTATTCAGTGTATATAGT 
AmHMA5-1       TATGGATGTTTTGGTGGCCGTGGGAACCAATGCTGCTTATTTCTATTCTCTTTACATTCT 
AmHMA5-2       TATGGATGTTCTGATTGCCTTGGGAACAAATGCCGCTTACTTCTATTCAGTTTATACAGT 
AtHMA5         TATGGATGTTCTGATTGCTCTGGGGACAAATGCAGCTTATTTCTATTCATTATACACAGT 
 
ImHMA5-1       GATTAAAGCTTTGGTTTCCAACAACTTTGAAGGTCAAGACTTCTTTGAGACTAGCGCGAT 
ImHMA5-2       GCTTAGAGCGGCTACCTCTAAGCACTTTGAGGGCACGGATTTCTTTGAGACGAGTGCTAT 
AmHMA5-1       GATTAAAGCTTTGGTTTCCAACAACTTTGAAGGTCAAGACTTCTTTGAGACTAGCGCGAT 
AmHMA5-2       TCTCAGAGCGGCTACTTCTAAGCATTTTGAGGGCACGGATTTCTTTGAGACGAGTGCTAT 
AtHMA5         GTTGAGAGCTGCAACATCTCCTGATTTCAAGGGAGTAGATTTCTTTGAGACTAGTGCCAT 
 
ImHMA5-1       GTTAATATCCTTTATACTCCTGGGCAAGTATTTGGAGATTGTGGCAAAAGGGAAAACGTC 
ImHMA5-2       GCTCATTTCCTTTGTTCTCCTAGGTAAATATCTCGAGGTTTTGGCCAAGGGGAAGACATC 
AmHMA5-1       GTTAATATCTTTTATACTCCTGGGCAAGTATTTGGAGATTGTGGCAAAAGGGAAAACGTC 
AmHMA5-2       GCTCATTTCCTTTGTTCTCCTAGGGAAGTATCTCGAGGTTTTGGCCAAGGGGAAAACATC 
AtHMA5         GCTCATTTCCTTTATCATACTAGGAAAATATTTGGAGGTTATGGCTAAAGGAAAAACATC 
 
ImHMA5-1       AGATGCTTTAGCAAAGCTGACAGAGCTGGCTCCTGATACTGCATGCTTGGTAACAATCGA 
ImHMA5-2       AGCGGCAATTGCCAAGCTCATGGACTTGGCACCTGAGACAGCAACATTGTTGACCCTTGA 
AmHMA5-1       AGATGCTTTAGCAAAGCTCACAGAGCTGGCTCCTGATACTGCATGCTTGGTAACAATCGA 
AmHMA5-2       AGCAGCAATTGCCAAGCTCATGGACTTGGCACCTGAGACAGCAACATTATTGACCCTTGA 
AtHMA5         TCAAGCGATCGCAAAGCTTATGAACTTGGCACCCGACACTGCGATATTGTTGAGTTTGGA 
 
ImHMA5-1       CGTTGATGGAAATGTAGCTTCTGAAACAGAAATCAGCACTCAACTCATAGAGCGGGATGA 
ImHMA5-2       CCCGAATGGTAATGTTTTGAGTGAAAAAGAGATCGACAGCAGACTGATACAAAAGAATGA 
AmHMA5-1       CGTTGATGGAAATGTAGCTTCTGAAACAGAAATCAGCACTCAACTCATAGAGCGGAATGA 
AmHMA5-2       CGCGAATGGTAACGTCTTGAGTGAAAAGGAGATCGACAGCAGACTGATACAAAAGAATGA 
AtHMA5         CAAGGAAGGGAATGTGACTGGTGAAGAGGAGATTGATGGTCGATTGATACAGAAGAATGA 
 
ImHMA5-1       TTTGTTTAAGATTGTTCCTGGGGCAAAGGTTCCTGTTGACGGTATTGTTATTGATGGTCA 
ImHMA5-2       CGTGCTTAAGGTTATTCCTGGGGCGAAAGTGGCATGTGACGGTATTGTGACTTGGGGGCA 
AmHMA5-1       TTTGTTTAAGATTGTTCCTGGGGCAAAGGTTCCTGTTGACGGGATCGTTATTGTTGGTCA 
AmHMA5-2       TGTGCTTAAGGTTATTCCTGGGGCAAAAGTGGCATGTGACGGTATTGTGATTTGGGGACA 
AtHMA5         CGTGATCAAAATTGTTCCTGGTGCTAAAGTAGCTTCAGATGGTTATGTCATATGGGGACA 
 
ImHMA5-1       AAGCTATGTAAATGAAAGTATGATTACTGGAGAAGCAGAGCCAGTTGCCAAAAGACTTGG 
ImHMA5-2       AAGCTATGTGAATGAAAGCAT-ATCACAGGAGA--------------------------- 
AmHMA5-1       AAGCTATGTAAATGAAAGTATGATTACTGGAGAAGCAGAGCCAGTTGCCAAAAGACTTGG 
AmHMA5-2       AAGCTATGTGAATGAAAGCAT-ATCACAGGAGA--------------------------- 
RoHMA5-1                            -----------------------------------TTGG 
MAPHMA5-1                           GATTACTGGAGAAGCAGAGCCAGTTGCCAAAAGACTTGG 
ImpHMA5-1                           GATTACTGGAGAAGCAGAGCCAGTTGCCAAAAGACTTGG 
AtHMA5         AAGTCATGTGAATGAAAGTATGATCACTGGAGAGGCTAGGCCAGTGGCAAAGAGAAAGGG 
 
ImHMA5-1       TGATAAGGTTATTGGTGGTACTGTAAATGATAATGGCTGTATTAT-CGTTAAGGCTACAC 
AmHMA5-1       TGATAAGGTTATTGGTGGTACTGTAAATGATAATGGCTGTATTAT-CGTTAAGGCTACAC 
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RoHMA5-1       TGATAAGGTCATTGGTGGTACTGTAAATGATAATGGCTGTATTAT-CGTTAAGGCTACAC 
MAPHMA5-1      TGATAAGGTCATTGGTGGTACTGTAAATGATAATGGCTGTATAAT-CGTTAAGGCTACAC 
ImpHMA5-1      TGATAAGGTCATTGGTGGTACTGGAAATGATAATGGCTGTATTAT-CGTTAAGGCTACAC 
AtHMA5         TGATACAGTTATAGGAGGCACTTTGAACGAGAATGG-TGTTCTGCATGTTAAGGTTACAA 
 
ImHMA5-1       ATGTTGGATCAGAAACAGCACTCTCTCAAATCGTTCAACTTGTGGAGGCTGCACAATTGG 
AmHMA5-1       ATGTTGGATCAGAAACAGCACTCTCTCAAATCGTTCAACTTGTGGAGGCTGCACAATTGG 
RoHMA5-1       ATGTTGGATCAGAAACAGCACTTTCTCAAATTGCTCAACTTGTGGAGGCTGCACAATTGG 
MAPHMA5-1      ATGTTGGATCAGAAACAGCACTTTCTCAAATTGTTCAACTTGTGGAGGCTGCACAATTGG 
ImpHMA5-1      ATGTTGGATCAGAAACAGCACTTTCTCAAATTGTTCAACTTGTGGAGGCTGCACAATTGG 
AtHMA5         GGGTTGGTTCAGAGAGTGCTCTTGCTCAGATTGTTCGACTTGTTGAGTCCGCACAACTGG 
 
ImHMA5-1       CAAGAGCCCCTGTTCAGAAATTGGCCGACCAGATCTCCAGGTTTTTTGTTCCAACTGTTG 
AmHMA5-1       CAAGAGCCCCCGTTCAGAAATTGGCCGACCAGATCTCCAGGTTTTTTGTTCCAACTGTTG 
RoHMA5-1       CAAGAGCCCCCGTCCAGAAATTGGCCGACCAGATCTCTAGGTTTTTTGTTCCAACTGTTG 
MAPHMA5-1      CAAGAGCCCCCGTCCAGAAATTGGCCGACCAGATCTCTAGGTTTTTTGTTCCAACTGTTG 
ImpHMA5-1      CAAGAGCCCCCGTCCAGAAATTGGCCGACCAGATCTCTAGGTTTTTTGTTCCAACTGTTG 
AtHMA5         CCAAAGCTCCAGTACAGAAGTTGGCTGATCGGATTTCCAAGTTCTTTGTTCCTCTTGTAA 
 
ImHMA5-1       TTGCAGTAGCTTTTGTAACATGGTTAGCATGGTTCGCAACTGGAGTGGCTG-GTCTTTAT 
AmHMA5-1       TTGCAGTAGCTTTTGTAACATGGTTAGCATGGTTCGCAACTGGAGTGGCTG-GTCTTTAT 
RoHMA5-1       TTGCAGTAGCGTTTGTAACATGGTTAGCATGGTTCGCAACAGGAGTGGCTG-GTCTTTAT 
MAPHMA5-1      TTGCAGTAGCGTTTGTAACATGGTTAGCATGGTTCGCAACAGGAGTGGCTG-GTCTTTAT 
ImpHMA5-1      TTGCAGTAGCGTTTGTAACATGGTTAGCATGGTTCGCAACAGGAGTGGCTG-GTCTTTAT 
AtHMA5         TTTTCCTCTCGTTCTCAACTTGGCTTGCCTGGTTCTTAGCTGGGA-AACTGCATTGGTAC 
 
ImHMA5-1       CCAAAACACTGGATACCTGAATCAATGGATAAATTTGAGCTTGCATTGCAGTTTGGAATA 
AmHMA5-1       CCAAAACACTGGATACCTGAATCAATGGATAAATTTGAGCTTGCATTGCAGTTTGGAATA 
RoHMA5-1       CCAAAACACTGGATACCCGAATCCATGGATAAATTTGAGCTTGCTTTGCAGTTTGGAATA 
MAPHMA5-1      CCAAAACACTGGATACCCGAATCCATGGATAAATTTGAGCTTGCTTTGCAGTTTGGAATA 
ImpHMA5-1      CCAAAACACTGGATACCCGAATCCATGGATAAATTTGAGCTTGCTTTGCAGATTGGAATA 
AtHMA5         CCTGAATCCTGGATACCTTCTTCGATGGATAGCTTTGAGCTAGCTCTTCAGTTCGGGATC 
 
ImHMA5-1       TCTGTTGTTGTAGTTGCCTGTCCATGTGCCCTGGGATTGGCAACTCCTACGGCAGTCATG 
AmHMA5-1       TCTGTTGTTGTAGTTGCCTGTCCATGTGCCCTGGGATTGGCAACTCCTACGGCAGTCATG 
RoHMA5-1       TCTGTTGTTGTAGTTGCCTG 
MAPHMA5-1      TCTGTTGTTGTAGTTGCCTG 
ImpHMA5-1      TCTGTTGTTGTAGTTGCCTG 
AtHMA5         TCTGTCATGGTCATAGCTTGTCCATGTGCTCTTGGGCTGGCTACTCCAACTGCTGTTATG 
 
ImHMA5-1       GTTGCCACTGGCAAGGGTGCTTCACTAGGTGTGCTCATCAAGGGGGGCATGGCGCTTCAA 
AmHMA5-1       GTTGCCACTGGCAAGGGTGCTTCACTAGGTGTGCTCATCAAGGGGGGCATGGCGCTTCAA 
AtHMA5         GTTGGTACTGGGGTTGGTGCATCCCAAGGTGTGCTGATAAAGGGTGGCCAAGCCCTAGAA 
 
ImHMA5-1       AAGGCACACAAGGTTAAA-GCAGTGGTTTTTGACAAGACAGGAACGTTGACAATGGGAAA 
AmHMA5-1       AAGGCACACAAGGTTAAA-GCAGTGGTTTTTGACAAGACAGGAACGTTGACAATGGGAAA 
AtHMA5         AGAGCACACAAGGTAAATTGCATTG-TCTTTGACAAGACAGGAACTCTCACGATGGGGAA 
 
ImHMA5-1       GCCAGTTGTTGTTACTGTTCGTCTCTTTTCTCAGATGACAATGGAGGAAGTCTGTGATCT 
AmHMA5-1       GCCAGTTGTTGTTACTGTTCGTCTCTTTTCTCAGATAACAATGGAGGAAGTCTGTGATCT 
AtHMA5         GCCCGTTGTTGTGAAAACAAAGCTCCTGAAAAACATGGTACTTCGAGAGTTCTATGAACT 
 
ImHMA5-1       AGCAATCGCTACAGAGGCAAACAGTGAGCACCCTATAGCAAAAGCCGTTGCCGAACATGC 
AmHMA5-1       AGCAATCGCTACAGAGGCAAACAGTGAGCACCCTATAGCAAAAGCCGTTGCCGAACATGC 
AtHMA5         TGTTGCTGCAACTGAGGTAAACAGTGAGCATCCGTTAGCAAAGGCCATTGTCGAGTACGC 
 
ImHMA5-1       AAAGAGTCTTCATAATAGAC-ATGAGT-CACCGGCTGACCACTTCGAAGATGCTAAGGAA 
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AmHMA5-1       AAAGAGTCTTCATAATAGAC-ATGAGT-CACCGGCTGACCACTTCGAAGATGCTAAGGAA 
AtHMA5         GAAGAAA-TTCAGAGACGACGAAGAGAACCCTGCCTGGCCA-------GAAGCCTGTGAT 
 
ImHMA5-1       TTTGAGGTGCATC-CAGGAGCTGGAGTAAGTGGAAAGGTGGGTGAGAAAATAGTTCTCAT 
AmHMA5-1       TTTGAGGTGCATC-CAGGAGCTGGAGTAAGTGGAAAGGTGGGTGAGAAAATAGTTCTCAT 
AtHMA5         TTTGTG-TCCATCACTGGAAAGGGAGTGAAAGCCACCGTTAAAGGTAGAGAGATTATGGT 
 
 
ImHMA5-1       AGGAAACAAGAGGCTTATGAAGGCTTTTGATGTTCAAATGAGCCG--TGAGGTTGAGGAA 
AmHMA5-1       AGGAAACAAGAGGCTTATGAAGGCTTTTGATGTTCAAATGAGCCG--TGAGGTTGAGGAA 
AtHMA5         GGGGAACAAGAATCTGATGAATGATCATAAAGTT--ATTATTCCAGATGATGCTGAAGAG 
 
ImHMA5-1       CATATCTCAGGGACTGAGAATTTGGCTCGTACATGTGTTCTACTTGCCATTGATGGGAAG 
AmHMA5-1       CATATCTCAGGGACTGAGAATTTGGCTCGTACATGTGTTCTACTTGCCATTGATGGGAAG 
AtHMA5         TTGCTAGCTGACTCTGAAGATATGGCCCAGACCGGAATTCTTGTCTCCATAAACAGTGAA 
 
ImHMA5-1       GTAGCAGCGGCTTTTGCTGTCACTGATCCCGTGAAACCGGAGGCTGGTCAAGTCATTAGG 
AmHMA5-1       GTAGCAGCGGCTTTTGCTGTCACTGATCCTGTGAAACCCGAGGCTGGTCAAGTCATTAGG 
AtHMA5         CTGATTGGAGTTTTGTCTGTTTCGGATCCTCTAAAACCGAGTGCTCGAGAAGCCATCTCC 
 
ImHMA5-1       TTTCTCGAGTCCATGGGCATATCCAGCATTATGGTAACTGGAGATAACTGGGGTACAGCA 
AmHMA5-1       TTTCTCGAGTCCATGGGCATATCCAGCATTATGGTAACTGGAGATAACTGGGGTACAGCA 
AtHMA5         ATTCTAAAATCCATGAATATCAAAAGCATCATGGTAACTGGTGACAACTGGGGAACAGCA 
 
ImHMA5-1       TCAGCT--ATAGCAAGAGAAGTTGGTATT-ACTCAAGTTTTTGCTGAAAC-AGATCCAAT 
AmHMA5-1       TCAGCT--ATAGCAAGAGAAGTTGGTATT-ACTCAAGTTTTTGCTGAAAC-AGATCCAAT 
AtHMA5         --AACTCAATTGCTAGAGAAGTCGGTATCGACTCT-GTTATCGCAGAAGCTAAACCTGAG 
 
ImHMA5-1       TGGAAAAGCAAAGAAGATAAAAGAAATCCAGATGAAAGGGCTGGCAGTGGCAATGGTGGG 
AmHMA5-1       TGGAAAAGCAAAGAAGATAAAAGAAATCCAGATGAAAGGGCTGGCAGTGGCAATGGTGGG 
AtHMA5         CA-AAAAGCAGAGAAAGTCAAGGAATTACAGGCTGCGGGACATGTTGTGGCAATGGTAGG 
 
ImHMA5-1       AGACGGAATAAATGACTCGCCAGCTTTAGTAGCAGCAGATATTGGGATGGCTATAGGCGC 
AmHMA5-1       AGACGGAATAAATGACTCACCAGCTTTAGTAGCAGCAGATATTGGGATGGCCATAGGCGC 
AtHMA5         TGACGGAATCAATGACTCACCGGCTCTCGTGGCAGCGGATGTAGGTATGGCGATAGGTGC 
 
ImHMA5-1       TGGGACAAACGTTGCTATTGAGGCAGCCGATATAGTTCTCATCAAAAGCAACCTAGAAGA 
AmHMA5-1       TGGGACAAACGTTGCTATTGAGGCAGCCGATATAGTTCTCATAAAAAGCAACCTAGAAGA 
AtHMA5         AGGAACAGACATTGCTATAGAAGCAGCGGATATAGTTCTGATGAAAAGCAACTTAGAAGA 
 
ImHMA5-1       TGTGGTGACAGCCTTGGATCTCTCCAGGAAAACTATGTCCAGAATTCGGCTAAATTATGT 
AmHMA5-1       TGTGGTGACAGCCTTGGATCTCTCCAGGAAAACTATGTCGAGAATTCGGCTAAATTATGT 
AtHMA5         TGTGATCACAGCCATTGATCTTTCAAGGAAAACGTTCTCAAGAATCCGTCTCAACTACGT 
 
ImHMA5-1       TTGGGCCCTTGGTTATAATGTCCTAGCCATGCCTTTAGCTGCCGGAATGTTGTTTCCATT 
AmHMA5-1       TTGGGCCCTTGGTTATAATGTCCTAGCCATGCCTTTAGCTGCCGGAATGTTGTTTCCATT 
AtHMA5         ATGGGCTCTCGGGTATAACCTCATGGGGATACCGATCGCTGCGGGAGTGCTTTTCCCAGG 
 
ImHMA5-1       CACTGGGATTCGGCTTCCACCTTGGGTTGCTGGGGCATGTA-TGGCAGCCTCGTCCATTA 
AmHMA5-1       CACTGGGATTCGGCTTCCACCTTGGGTTGCTGGGGCATGTA-TGGCAGCCTCGTCCATTA 
AtHMA5         GACACGTTTCAGGTTGCCTCCATGGATTGCAGGTGC-TGCAATGGCTGCTTCTTCTGTTA 
 
ImHMA5-1       GTGTTGTCTGTTCTTCTCTCTTATTGCAGTCTTACAAGAAGCCTA-------TGCGCGTC 
AmHMA5-1       GTGTTGTCTGTTCTTCTCTCTTATTGCAGTCTTACAAGAAGCCTA-------TGCGTGTC 
AtHMA5         GTGTTGTGTGTTGCTCTCTCTTGCTTAAGAACTACAAGCGACCTAAGAAGCTTGATCATC 
 
ImHMA5-1       -AGAAATACCTGA---------------------- 
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AmHMA5-1       -AGAAATACCTGA---------------------- 
AtHMA5         TGGAGATTCGGGAGATTCAGGTGGAGCGAGTTTAA 
 
Supporting Alignment S1. Coding sequence alignment of HMA5s of S. vulgaris populations Imsbach (Im) and 
Amsterdam (Am), and S. paradoxa populations Roccatederighi (Ro), Monte Acuto di Pari (MAP) and 
Impruneta (Imp), and HMA5 of A. thaliana. 
 
 
ImHMA5-1       M-----------EVDLEEP-------LLQSQD----SVTIDIPQHGDKRIKTLKFEIKGI  
AmHMA5-1       M-------EVHHKLDLEEP-------LLHSQD----SVTIDIPHDGDKRIKTLKFEIKGI  
AtHMA5         MATKLLSLTCIRKERFSERYPLVRKHLTRSRDGGGGSSSETAAFEIDDPISRAVFQVLGM  
 
ImHMA5-1       ECASCVASIESVLNKLDGIHSISISVMDGKAVVKYLPRVIDGKTIKATIEDAGFKVQ--- 
ImHMA5-2       --------VEKAIKRLPGIREAVVDVLNNRALVFFYPSFVNEEQIRETIEDVGFEAALIE 
AmHMA5-1       ECASCVASIESVLNKLDGIDSISISVMDGKAVVNYVPRLIDGKTIKGTIEDAGFKVQ--- 
AtHMA5         TCSACAGSVEKAIKRLPGIHDAVIDALNNRAQILFYPNSVDVETIRETIEDAGFEASLIE 
 
ImHMA5-1       GSPEQDIA-VCRLKIKGMACTSCSEAVERALSAANGVKRAVVGLALEEAKVNFDPNITDP 
ImHMA5-2       DDSGEGSIQICRLQIKGMTCTTCANSVEASLLAVHGVKKAQVALATEEAEIQYDPKFVSY 
AmHMA5-1       GSPEQDIA-VCRLKIKGMACTSCSEAVERALSAANGVKRAVVGLALEEAKVNFDPNITDP 
AtHMA5         NEANERSRQVCRIRINGMTCTSCSSTIERVLQSVNGVQRAHVALAIEEAEIHYDPRLSSY 
 
ImHMA5-1       KQIIQAVEDCGFDADLISAGDDVNKVHLKLNG-----VHSLQDAKLVR--SALELAAGVN 
ImHMA5-2       NELLEAVEDSGFEAILISTGEDISKVHLK--------VDGMVESSLQALPGVQTVDLDET 
AmHMA5-1       KQIIEAVEDCGFDADLISAGDDVNKVHLKLNG-----VHSLEDANLVR--SALELAVGVN 
AtHMA5         DRLLEEIENAGFEAVLISTGEDVSKIDLKIDGELTDESMKVIERSLEALPGVQSVEISHG 
 
ImHMA5-1       YVDMDIEGTKVTVSYDPELIGPRSLIQCVREASVGPTSFDASL----YVPPPQRETDRQK 
ImHMA5-2       LNKVS--IAYKPDMTGP-----RTFIEVIDSMGSG--SFKAMI----YPEERGKDSHKQE 
AmHMA5-1       YVDMDIEGSKVIVSYDPELTGPRSLIQCVREASVGPTSFDASL----YVPPPQRETDRQK 
AtHMA5         TDKIS--VLYKPDVTGP-----RNFIQVIESTVFG--HSGHIKATIFSEGGVGRESQKQG 
 
ImHMA5-1       EILIYKTQFLWSCVFTIPVFVFSMILPMLNPYGDWLEYKIHNMLTIGMVLRWILCTPVQF 
ImHMA5-2       QIKQYYRSFVWSLIFTIPVFLTSMVFMYIPGIKHAFDIKVVKMLTVGELLRWILSTPVQF 
AmHMA5-1       EILVYKTQFLWSCVFTIPVFVFSMILPMLDPYGNWLEYKIHNMLTIGMVLRWILCTPVQF 
AtHMA5         EIKQYYKSFLWSLVFTVPVFLTAMVFMYIPGIKDLLMFKVINMLTVGEIIRCVLATPVQF 
 
ImHMA5-1       FIGRRFYIGAYHALRRKSSNMDVLVAVGTNAAYFYSLYILIKALVSNNFEGQDFFETSAM 
ImHMA5-2       VIGWRFYTGSYKALRNGSANMDVLIALGTNAAYFYSVYIVLRAATSKHFEGTDFLETSAM 
AmHMA5-1       FIGRRFYIGAYHALRRKSSNMDVLVAVGTNAAYFYSLYILIKALVSNNFEGQDFFETSAM 
AmHMA5-2                  KALRNGSANMDVLIALGTNAAYFYSVYTVLRAATSKHFEGTDFFETSAM 
AtHMA5         VIGWRFYTGSYKALRRGSANMDVLIALGTNAAYFYSLYTVLRAATSPDFKGVDFFETSAM 
 
ImHMA5-1       LISFILLGKYLEIVAKGKTSDALAKLTELAPDTACLVTIDVDGNVASETEISTQLIERDD 
ImHMA5-2       LISFVLLGKYLEVLAKGKTSAAIAKLMDLAPETATLLTLDPNGNVLSEKEIDSRLIQKND 
AmHMA5-1       LISFILLGKYLEIVAKGKTSDALAKLTELAPDTACLVTIDVDGNVASETEISTQLIERND 
AmHMA5-2       LISFVLLGKYLEVLAKGKTSAAIAKLMDLAPETATLLTLDANGNVLSEKEIDSRLIQKND 
AtHMA5         LISFIILGKYLEVMAKGKTSQAIAKLMNLAPDTAILLSLDKEGNVTGEEEIDGRLIQKND 
 
ImHMA5-1       LFKIVPGAKVPVDGIVIDGQSYVNESMITGEAEPVAKRLGDKVIGGTVNDNGCIIVKATH 
ImHMA5-2       VLKVIPGAKVACDGIVTWGQSYVNESMITG 
AmHMA5-1       LFKIVPGAKVPVDGIVIVGQSYVNESMITGEAEPVAKRLGDKVIGGTVNDNGCIIVKATH 
AmHMA5-2       VLKVIPGAKVACDGIVIWGQSYVNESISQE 
RoHMA5-1                                  ------------GDKVIGGTVNDNGCIIVKATH 
MAPHMA5-1                                 ITGEAEPVAKRLGDKVIGGTVNDNGCIIVKATH 
ImpHMA5-1                                 ITGEAEPVAKRLGDKVIGGTGNDNGCIIVKATH 
AtHMA5         VIKIVPGAKVASDGYVIWGQSHVNESMITGEARPVAKRKGDTVIGGTLNENGVLHVKVTR 
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ImHMA5-1       VGSETALSQIVQLVEAAQLARAPVQKLADQISRFFVPTVVAVAFVTWLAWFATGVAGLYP 
AmHMA5-1       VGSETALSQIVQLVEAAQLARAPVQKLADQISRFFVPTVVAVAFVTWLAWFATGVAGLYP 
RoHMA5-1       VGSETALSQIAQLVEAAQLARAPVQKLADQISRFFVPTVVAVAFVTWLAWFATGVAGLYP 
MAPHMA5-1      VGSETALSQIVQLVEAAQLARAPVQKLADQISRFFVPTVVAVAFVTWLAWFATGVAGLYP 
ImpHMA5-1      VGSETALSQIVQLVEAAQLARAPVQKLADQISRFFVPTVVAVAFVTWLAWFATGVAGLYP 
AtHMA5         VGSESALAQIVRLVESAQLAKAPVQKLADRISKFFVPLVIFLSFSTWLAWFLAGKLHWYP 
 
ImHMA5-1       KHWIPESMDKFELALQFGISVVVVACPCALGLATPTAVMVATGKGASLGVLIKGGMALQK 
AmHMA5-1       KHWIPESMDKFELALQFGISVVVVACPCALGLATPTAVMVATGKGASLGVLIKGGMALQK 
RoHMA5-1       KHWIPESMDKFELALQFGISVVVVA 
MAPHMA5-1      KHWIPESMDKFELALQFGISVVVVA 
ImpHMA5-1      KHWIPESMDKFELALQIGISVVVVA 
AtHMA5         ESWIPSSMDSFELALQFGISVMVIACPCALGLATPTAVMVGTGVGASQGVLIKGGQALER 
 
ImHMA5-1       AHKVKAVVFDKTGTLTMGKPVVVTVRLFSQMTMEEV--CDLAIATEANSEHPIAKAVAEH 
AmHMA5-1       AHKVKAVVFDKTGTLTMGKPVVVTVRLFSQITMEEV--CDLAIATEANSEHPIAKAVAEH 
AtHMA5         AHKVNCIVFDKTGTLTMGKPVVVKTKLLK--NMVLREFYELVAATEVNSEHPLAKAIVEY 
 
ImHMA5-1       AKSLHNRHESPADHFEDA-KEFEVHPGAGVSGKVGEKIVLIGNKRLMKAFDVQ--MSREV 
AmHMA5-1       AKSLHNRHESPADHFEDA-KEFEVHPGAGVSGKVGEKIVLIGNKRLMKAFDVQ--MSREV 
AtHMA5         AKKFRDDEENPAWPEACDFVSITGK-GVKATVKGREIMV--GNKNLMNDHKVIIPDDAEE 
 
ImHMA5-1       EEHISGTENLARTCVLLAIDGKVA-AAFAVTDPVKPEAGQVIRFLESMGISSIMVTGDNW 
AmHMA5-1       EEHISGTENLARTCVLLAIDGKVA-AAFAVTDPVKPEAGQVIRFLESMGISSIMVTGDNW 
AtHMA5         LLADSED---MAQTGILVSINSELIGVLSVSDPLKPSAREAISILKSMNIKSIMVTGDNW 
 
ImHMA5-1       GTASAIAREVGITQVFAETDPIGKAKKIKEIQMKGLAVAMVGDGINDSPALVAADIGMAI 
AmHMA5-1       GTASAIAREVGITQVFAETDPIGKAKKIKEIQMKGLAVAMVGDGINDSPALVAADIGMAI 
AtHMA5         GTANSIAREVGIDSVIAEAKPEQKAEKVKELQAAGHVVAMVGDGINDSPALVAADVGMAI 
 
ImHMA5-1       GAGTNVAIEAADIVLIKSNLEDVVTALDLSRKTMSRIRLNYVWALGYNVLAMPLAAGMLF 
AmHMA5-1       GAGTNVAIEAADIVLIKSNLEDVVTALDLSRKTMSRIRLNYVWALGYNVLAMPLAAGMLF 
AtHMA5         GAGTDIAIEAADIVLMKSNLEDVITAIDLSRKTFSRIRLNYVWALGYNLMGIPIAAGVLF 
 
ImHMA5-1       PFTGIRLPPWVAGACMAASSISVVCSSLLLQSYKKPMRVRNT---------- 
AmHMA5-1       PFTGIRLPPWVAGACMAASSISVVCSSLLLQSYKKPMRVRNT---------- 
AtHMA5         PGTRFRLPPWIAGAAMAASSVSVVCCSLLLKNYKRPKKLDHLEIREIQVERV 
 
Supporting Alignment S2. Amino Acid sequence alignment of HMA5s of S. vulgaris populations; Imsbach 
(Im) and Amsterdam (Am), and S. paradoxa populations; Roccatederighi (Ro), Monte Acuto di Pari (MAP) and 
Impruneta (Imp), and HMA5 of A. thaliana. 
 
 
ImHMA5-1prom.  -------CCCACTATCTCCTTCCTCTTCATTTTACTCTTCTTA--AAAAATTTCTACATC  
AtHMA5prom.    GTCTCAGACAAGTGTTTGCGGACCAAGAAGAAGAAGAAACGTAGTTGAAGTTCATAAATC  
 
ImHMA5-1prom.  AAAG----AGGATCCTCTTTATCATCCTCTCTCAAATT-TTTTATAACCAAAAAATAAAA  
AtHMA5prom.    ATAATGCATGGATCAACTTAATAAAAGGCCCACATTTAGCCTCGTATCAGTCTAAATGGG  
 
ImHMA5-1prom.  AAGAAATAAAATATATGCCACATGCTAGATAATGGATGACTAGTGTGCACAAGGGCCAAT  
AtHMA5prom.    CCACACAAGTCAATAGGCCCATTTATCAATGCT--TTGACTGTTTT---CAATCTTCAAT  
 
ImHMA5-1prom.  GTTG-CATATCCTCTAAAAATAGAGGAAGTGTTCCTCTTCCTCCTTCAAAGAGGAAGCAT  
AtHMA5prom.    TTTGGTATGACTTCTTCTTACG-AGGTTGAGTGCCATAAAAGATTAGACAGA---CACGT  
 
ImHMA5-1prom.  AACAATGGTTCCACATTGAAGAGGACATCCTCTTAGATGAAAGAG---AGTCCTAAAAGG  
AtHMA5prom.    AAAATAGATTCCATTTTACCTTTAGTTAAAACAGATATGGATTAGCCAAGTTTCGTTAGT  
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ImHMA5-1prom.  ATGGT-CCATCCTCTTCAATGTGGATGCTCTAAATGGCGCGTGAAAAAGTAGTTGACAAA  
AtHMA5prom.    ATATTGTCATATTATTTTAT--TGAAACAGAAAAAAACAAGT-AAAGATTACTTAATCAT  
 
ImHMA5-1prom.  TGCAATTCCCTCCCCTCCTTGTTTGATTGCGGCGGTTATATATATCCCTTGTTGGTTTTC  
AtHMA5prom.    TCTTAATCAGGCCTGTTCTTAATT--ATCAAAAAAAAAAAAAGATTACTTCATCATGT--  
 
ImHMA5-1prom.  CCCCAAATATAACCGCCGACTTCCCAAATTCAAAATCCCTAAATTTACATAGAATCGATT  
AtHMA5prom.    -CGTAATAATATCACTAATCAATCCTTTTTTTTTTGTCATCACTAATCA----ATCCATT  
 
ImHMA5-1prom.  AACCTAATTATTCATGAATTCTAAGTGGCTGCTTTCTCAAGGTGAGTGACTTCCACTCTA  
AtHMA5prom.    TTTTTAGCGAACCTTAAAGTCAAAGGTGTTG-TTACTTTGGACGATTAAATTTGAAT-TA  
 
ImHMA5-1prom.  TCTAATTGAATATTTCTGTTTTGTTTATTGAATTGCT-ATACGATTAACCTTATAAATAA  
AtHMA5prom.    TATAATTTAAAAGAAAATTGGAATTTAATCTGTTGAGGTTGAAATTCTCTCTTTTTATAT  
 
ImHMA5-1prom.  ATAGATGTGCTGTTGATTGAATTTTATGTAAT-TCTGGTTGCATTACCTGACTTCCAAGC  
AtHMA5prom.    ATGGCGGT--TGAAATTTAAAAGTAAAGTATTGTTTGGTAGGGCCCTATAGTTTAAACAT  
 
ImHMA5-1prom.  TTTTATGCTGACATACTCCACTT---CGTATTACATAAATTCATCTTAAAACCATGCTTT  
AtHMA5prom.    TTACAAATCGGCCCACACATTTTTGTCATTTTAGATGTCGTAAACCGCTTTCCCTCGTCT  
 
ImHMA5-1prom.  TTAATGTTTCTAGTACTCCCTAATTCTTTAACTTGGTATTATTATTAATGCATTTGACTT  
AtHMA5prom.    TCGTTCCAATTTAAAAAGCAAAACAATTTCAAAAAGTCTCATCATT--TCCCATAAACCT  
 
ImHMA5-1prom.  GGTAGCTTT---CCCATTTTTATTCAAGATGATTTGTAGCCACTATAATTTCAG-TTGCT  
AtHMA5prom.    AAAAGCTTTTTAAAAACTCAAATTCGATACGAGAAGAACAAGATTCGCGCACAAGACGAT  
 
ImHMA5-1prom.  CAATAGCT  
AtHMA5prom.    CGATTAC- 
 
Supporting Alignment S3. Nucleotide sequence alignment of the HMA5 promoter (820 bp upstream of start 
codon) of A. thalina and a S. vulgaris population [Imsbach (Im)]. 
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Chapter 5 
 
General Discussion 
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The physiological and molecular mechanisms underlying heavy metal hypertolerance and 
hyperaccumulation in metallophytes are far from understood yet, although numerous studies 
have been devoted to this topic during the last decade. Only few of the genetic determinants 
of specific hyperaccumulation and hypertolerance traits have been identified, such as (over-
expression of) HMA4, MTP1, and NAS2 in the Zn/Cd hyperccumulator, A. halleri. However, 
strictly speaking, only HMA4 and NAS2 over-expression have been unambiguously shown to 
be essential, through RNAi-mediated gene silencing, for the Zn/Cd hyperaccumulation 
phenotype in A. halleri (Hanikenne et al., 2008; Deinlein et al., 2012). The case for MTP1 is, 
for the time being, entirely based on QTL analyses (Willems et al., 2007; Courbot et al., 
2007; Frérot et al., 2010, Willems et al., 2010) and co-segregation analysis (Dräger et al., 
2004). Although the latter approaches can provide very strong evidence of genetic 
correlations, they cannot distinguish between real genetic pleiotropism and close genetic 
linkage. Nevertheless, the evidence in favor of a role for MTP1 in Zn tolerance in A. halleri 
is, albeit circumstantial, particularly strong (Dräger et al., 2004; Willems et al., 2007).  
Although HMA4 over-expression is doubtlessly essential for Cd and Zn 
hyperaccumulation and hypertolerance in A. halleri (Hanikenne et al., 2008) and probably 
also in the other Zn/Cd hyperaccumulator model species, Noccaea caerulescens (Lochlainn et 
al., 2011), it is not evident that heterologous over-expression would be sufficient to 
considerably enhance these properties in the genetic background of a non-hyperaccumulator. 
Literature reports are contradictory at this point (Verret et al., 2004; Hanikenne et al., 2008; 
Grispen et al., 2011; Barabasz et al., 2012). In any case, the phenotypes obtained are often far 
from hyperaccumulator-like, even when the gene is over-expressed under a strong natural 
AhHMA4 promoter (Barabasz et al., 2012). The reasons for this are not clear yet, but the 
results of this thesis (Chapter 2) suggest that HMA4, when expressed in the A. thaliana 
hma2hma4 double mutant under natural HMA4 promoters from N. caerulescens, is 
incorrectly expressed, in terms of tissue-specificity, in roots of A. thaliana, in comparison 
with N. caerulescens roots, leading to a strongly impeded Zn root-to-shoot translocation, in 
comparison with wild-type A. thaliana, particularly in lines that express the transgene at a 
high level. The reason for this is elusive, but there are two possibilities, i.e., the lacking of 
essential response elements, located upstream of the sequences that we used as promoters 
(2000 – 2600 bp), or differences in the ‘trans-regulatory environments’ provided by the A. 
thaliana and N. caerulescens genomes. Further studies, including transgenic experiments  
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with longer promoters, and identification of the transcriptional regulators of HMA4 and 
analysis of their expression in both species will be needed to answer this question. For the 
time being, it remains uncertain whether hyperaccumulator HMA4 promoters are useful for 
engineered foliar metal hyperaccumulation in non-hyperaccumulators, the more so because 
hyperaccumulation seems to depend on a reduction of the vacuolar metal storage capacity in 
root cells (Lasat et al., 1998; Richau et al., 2009). In other words, although HMA4-mediated 
xylem loading is probably limiting for metal root-to-shoot transport in hyperaccumulators, it 
is not necessarily so in non-hyperaccumulators, where metal retention in root cell vacuoles 
may be the most important limiting factor. Another complication of expressing HMA4 under 
N. caerulescens HMA4 promoters is that it seems to enhance rather than alleviate the foliar 
Zn deficiency of the Arabidopsis hma2hma4 double mutant, probably owing to expression of 
the gene in the mesophyll, leading to enhanced Zn efflux from the photosynthetic cells.   
In the Chapters 3 and 4 we described an attempt to identify the determinants of Cu, 
Zn, and Cd hypertolerance in two non-hyperaccumulator metallophytes, Silene vulgaris and 
S. paradoxa. Starting from the viewpoint that members of the HMA family of metal 
transporting ATPases are likely to be involved in either of these specific hypertolerances, we 
amplified and cloned HMA-like genes from the Silene genome, yielding two HMA5-like 
genes, and an HMA2-like one. These genes appeared to be constitutively expressed at much 
higher levels in Cu-hypertolerant (HMA5-1, HMA5-2), or Zn/Cd-hypertolerant populations 
(HMA2) of both species, in comparison with non-metallicolous ones. Since we never 
succeeded in genetically transforming Silene, which precludes homologous over-expression 
and RNAi-mediated gene silencing, it was impossible to unambiguously prove that their 
constitutive over-expression in hypertolerant populations is essential for Cu, Zn or Cd 
hypertolerance. Instead, we established significant degrees of co-segregation of the 
constitutive expression levels of HMA5-1 and HMA5-2 with Cu-hypertolerance, and of 
HMA2 with Cd-hypertolerance, but not with Zn tolerance, in segregating progenies of inter-
population crosses in S. vulgaris (HMA5), or in both species (HMA2), respectively. These 
results provide strong, albeit circumstantial evidence of significant genetic correlations 
between HMA5 expression and Cu hypertolerance and HMA2 expression and Cd 
hypertolerance, respectively.  
Based on inter-population comparisons and transgenic experiments with A. thaliana 
(this thesis), it is not likely that HMA5 overexpression produces considerable levels of Cu  
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hypertolerance by itself. Based on inter-population comparisons in both species and previous 
evidence from co-segregation analysis in S. vulgaris (Van Hoof et al., 2001), we conclude 
that combined constitutive over-expression of HMA5 and the metallothionein gene, MT2b, is 
most probably required for Cu hypertolerance in both species. Again, we cannot deliver the 
unambiguous evidence at this point, because we are not able to genetically transform Silene 
(see above). To provide stronger circumstantial evidence, it should be tried to over-express 
both genes in Arabidopsis, but the problem here may be that their over-expression in Cu-
hypertolerant plants, except for HMA5-1 in S. paradoxa, is probably mainly due to genomic 
copy number expansion, rather than altered cis-regulation. If so, then single-copy expression 
under the natural gene promoters from Cu-hypertolerant Silene may not result in over-
expression, which we indeed found for SvHMA5-1 expression in the roots of transgenic 
Athma5 mutants. It could be worthwhile to isolate the HMA5 promoter of S. paradoxa 
instead, however, both the levels of HMA5 expression and Cu hypertolerance are much lower 
in S. paradoxa than in the Im population of S. vulgaris that we used in this study. As an 
alternative, both genes can be over-expressed using the 35S CMV promoter. However, even 
if this would yield significant Cu hypertolerance, then it could be maintained that this would 
be due to incorrect expression. On the other hand, such a result would at least indicate that 
combined over-expression of HMA5 and MT2b has at least the potential to produce Cu 
hypertolerance, which would be a useful indication at least. On the other hand, it is well 
possible that HMA2 over-expression is sufficient to yield Cd hypertolerance (see below). But 
here again there is the problem that over-expression in Cd-hypertolerant Silene populations is 
associated with genomic copy number expansion, which might preclude high levels of over-
expression in transgenic A. thaliana, when a single gene copy is expressed under a promoter 
of Cd-hypertolerant Silene. It might be worthwhile, however, to test heterologous expression 
under an HMA2 promoter isolated from S. paradoxa, in which altered cis-regulation seems to 
play some role at least.  
Concerning its genetic architecture, Cd hypertolerance in S. paradoxa seems to be as 
simple as in S. vulgaris, i.e. monogenic (Schat and Vooijs, 1997; this thesis). It is conceivable 
that the HMA2 locus itself is the genomic determinant of Cd hypertolerance, in view of the 
rather strict co-segregation of the high expression level of this gene with Cd hypertolerance in 
segregating progenies. One might argue that the selected Cd-hypertolerant F3 plants, at least 
those of S. vulgaris, do not fully recover the HMA2 expression level of the hypertolerant  
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parent population, although they are supposed to be homozygous for the Cd hypertolerance 
locus. This may be taken to argue against the hypothesis that the HMA2 locus is identical 
with the Cd hypertolerance locus, indeed. However, there seems to be a degree of variation 
regarding HMA2 expression within the hypertolerant S. vulgaris parent population, and it is 
also conceivable that there may be interference with the genetic background of the non-
hypertolerant parent. Anyway, if the HMA2 locus itself would be the Cd hypertolerance 
locus, then the multiple copies in the genomes of the Cd-hypertolerant populations should be 
in a tandem array, or at least closely linked, in both species, since recombination between 
individual copies is incompatible with monogenic inheritance. In the absence of extensive 
DNA sequence information for Silene, this issue should be addressed by quantitative PCR on 
genomic DNA of segregating progenies.  
As suggested by the results of this thesis, the genetic architecture of Cu 
hypertolerance in S. vulgaris seems to be more complicated than assumed before, in that full 
hypertolerance at the level of the Imsbach population might require hypertolerance alleles at 
five instead of four gene loci (Schat et al., 1993). It is possible that the HMA5-1 and HMA5-2 
loci themselves are among these Cu hypertolerance loci, and it is likely that the MT2b locus 
is among them, the more so because the over-expression of these genes is in all cases 
associated with copy number expansion. For MT2b it is very likely that its genomic copies 
are in a tandem array, in view of the monogenic segregation pattern of its expression level, 
with high expression strictly determined by allele origin (Van Hoof et al., 2001). For HMA5-
1 and HMA5-2 this is not very likely considering the much more continuous variation of their 
expression levels in F2 and F3 progenies of crosses. It is possible therefore that one or both of 
these genes might account for more than one of the five loci for full hypertolerance. Copy 
number analysis among segregating progenies might resolve this issue. 
In natural metallicolous populations of S. vulgaris Cu hypertolerance is associated 
with Cu exclusion from both roots and shoots (Lolkema and Vooijs, 1984; Schat and Kalff, 
1992; this thesis), and Zn and Cd hypertolerance with Zn and Cd exclusion from the shoot at 
least, in comparison with non-metallicolous populations (Verkleij and Prast, 1989; Harmens 
et al., 1993a,b; De Knecht et al., 1992). Also among the S. paradoxa populations Cu 
exclusion is apparent in FC (Colzi et al., 2012; this thesis), though not clearly in CM (this 
thesis), and shoot exclusion of Zn and Cd is apparent in FC too (Arnetoli et al., 2008). 
Therefore, decreased net rates of uptake or root-to-shoot translocation of the metal in  
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question seem to be fairly consistently associated with hypertolerance in natural Silene 
populations, and it is difficult to believe that such traits would be non-functional regarding 
tolerance at the whole-plant level. Yet these traits do not co-segregate with Cd, Zn or Cu 
hypertolerance in segregating progenies (this thesis), suggesting that the tolerance measure 
that we used, i.e. the EC100 for root growth in a rather short-term test, may not integrate all of 
the traits that are essential for long-term survival and growth under natural conditions. On the 
contrary, based on the results presented in this thesis it seems that metal uptake, translocation, 
and hypertolerance are all under independent genetic control. This would mean that the 
models that we proposed for the genetic architecture of Cu hypertolerance in S. vulgaris, and 
those for Zn and Cd hypertolerance in S. vulgaris and S. paradoxa (Schat et al., 1993, 1996; 
this thesis) may be misleadingly simple in the face of the long-term response at the whole-
plant level, although these models seem to be sufficiently sophisticated to accurately describe 
the genetics of short-term root growth root responses.  
Finally, regardless of the question of whether our genetic models sufficiently 
acknowledge the complexity of the underlying mechanisms, there is an amazing degree of 
similarity between Cu or Cd hypertolerance in S. vulgaris and in S. paradoxa. In both species 
Cd hypertolerance is associated and genetically correlated with over-expression of HMA2, 
and in both species Cu hypertolerance is associated (and at least in S. vulgaris genetically 
correlated) with combined constitutive over-expression of HMA5 and MT2b. In addition, the 
genetic architecture of Zn hypertolerance is also identical in both species, suggesting that the 
underlying mechanisms may be identical too. Anyway, at least for Cu and Cd hypertolerance, 
our results unambiguously suggest that very similar, if not identical mechanisms must have 
been independently evolved in metallicolous populations of S. vulgaris and those of S. 
paradoxa, which presents, next to HMA4 in A. halleri and N. caerulescens, two more cases of 
independent parallel evolution in different metallophyte species. The precise genomic 
changes involved seem to be only partly identical, however. Copy number expansions seem 
to be involved, albeit to different degrees, in the over-expression of HMA2 and MT2b in both 
species. However, over-expression of HMA5 is associated with copy number expansion in S. 
vulgaris, but not so in S. paradoxa.  
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Chapter 6 
 
Summary 
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Heavy metal pollution is a world-wide problem. Metal-enriched sites can occur naturally, or 
due to mining, smelting, industrialization and other anthropogenic activities. High soil metal 
concentrations are toxic to plants, which has lead to the evolution of metal hypertolerance in 
a number of plant species. These plants, called metallophytes, have developed special 
mechanisms to tolerate high metal concentrations in the soil and in (part of) their body. A 
minority of these plants, called hyperaccumulators, accumulate heavy metals to extraordinary 
concentrations in their leaves, whereas the majority of them are ‘shoot excluders’, 
maintaining more or less constant and relatively low foliar metal concentrations over a broad 
range of soil metal concentrations. A detailed understanding of the molecular and 
physiological basis of metal hyperaccumulation and hypertolerance is lacking to date. The 
work reported in this thesis aims to further elucidate several aspects of the molecular 
mechanisms of hyperaccumulation in the Zn/Cd hyperaccumulator model species, Noccaea 
caerulescens, and Cd, Zn, or Cu hypertolerance in the shoot excluder metallophytes, Silene 
vulgaris and S. paradoxa.  
In the Zn/Cd hyperaccumulator, Arabidopsis halleri, a high level of HMA4 expression 
has been shown to be essential for Zn and Cd hyperaccumulation and hypertolerance. HMA4 
appeared to be strongly over-expressed also in N. caerulescens, in comparison with A. 
thaliana, particularly in the shoot. In chapter 2 we characterized different promoters and gene 
copies of NcHMA4 through expression in the At hma2/hma4 double mutant, which is severely 
deficient in Zn root-to-shoot translocation. When expressed under the AtHMA4 promoter, 
both AtHMA4 and NcHMA4 fully complemented the mutant. Expression under either of the 
NcHMA4 promoters only partly restored the Zn translocation to the shoot, and did generally 
not ameliorate the severe symptoms of foliar Zn deficiency and the complete reproductive 
sterility characteristic of the mutant. On average, the NcHMA4 promoters were two times and 
50 times more active in in the roots and the leaves of the transgenic plants, in comparison 
with the AtHMA4 promoter. The tissue specificity patterns, established by GUS staining, 
were similar in the root, i.e. mainly in the stele, albeit that the NcHMA4 promoters were much 
more active in the meristematic part of the root tip and the root cap. There was no detectable 
staining in the leaves when GUS was expressed under the AtHMA4 promoter. GUS 
expression under either of the NcHMA4 promoters, however, yielded intense staining of the 
veins and, usually, the whole leaf blade. HMA4 expression under NcHMA4 promoters 
increased the transcript level of the Zn deficiency-responsive gene, ZIP4, in the leaves, i.e.  
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about 7- and 35-fold, in comparison with the hma2hma4 double mutant and wild-type, 
respectively. As expected, expressing HMA4 under the AtHMA4 promoter decreased ZIP4 
expression to wild-type level. These results demonstrate that HMA4 expression under a 
strong NcHMA4 promoter, even though it significantly improves the foliar Zn concentration, 
tends to enhance, rather than ameliorate the foliar Zn deficiency phenotype of the hma2hma4 
double mutant. This is probably due to expression of HMA4 all over the leaf blade, leading to 
efflux of Zn from the mesophyll cells and, in the absence of hyperaccumulator-like rates of 
Zn root to shoot translocation, to more severe Zn deficiency. Based on these results, it seems 
possible that NcHMA4 plays also a role in the transport of Zn to the large epidermal cells in 
N. caerulescens. The relatively small effect on Zn translocation of HMA4 expression under 
NcHMA4 promoters, in comparison with the AtHMA4 promoter, may be owing to incorrect 
tissue-specificity in the A. thaliana background, i.e. a particularly strong expression all over 
the root tip, instead of only in the root cap, such as in N. caerulescens itself.  
In chapter 3 we described the isolation of an AtHMA2-like gene from S. vulgaris and 
S. paradoxa, and investigated its potential role in Cd and Zn hypertolerance through co-
segregation analysis of progenies of crosses between metallicolous and non-metallicolous 
plants. Both SvHMA2 and SpHMA2 were about 6-fold more strongly expressed in plants from 
the metallicolous populations than in non-metallicolous plants. In segregating crosses of both 
S. paradoxa and S. vulgaris the high HMA2 expression level co-segregated with Cd 
hypertolerance, but not with Zn hypertolerance. The segregation patterns obtained for Cd and 
Zn tolerance in the S. paradoxa cross were identical with those previously obtained for S. 
vulgaris, pointing to monogenic control of Cd hypertolerance and digenic control of Zn 
tolerance, respectively. These results suggest that HMA2 over-expression is the mechanism of 
Cd hypertolerance in both species, which is a remarkable example of independent parallel 
evolution. HMA2 had five- and two-fold more genomic copies in the metallicolous 
populations, in comparison with the non-metallicolous populations, in S. vulgaris and S. 
paradoxa, respectively. Copy number expansion is sufficient to explain the enhanced 
expression level in the metallicolous population of S. vulgaris, but not in that of S. paradoxa. 
If HMA2 itself is the Cd hypertolerance gene indeed, then the individual gene copies should 
be in a tandem array, inheriting as a single gene, in both species. 
In chapter 4 we described the isolation of two orthologs of the Cu transporting 
ATPase-encoding gene AtHMA5, SvHMA5-1 and SvHMA5-2, from S. vulgaris and SpHMA5- 
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1 from S. paradoxa, and analyzed their expression and genomic copy numbers in cupricolous 
and non-cupricolous populations of both species. We also analysed the expression and 
genomic copy numbers of MT2b in cupricolous and non-cupricolous populations of both 
species. Both HMA5-1 and HMA5-2 were much higher expressed in the cupricolous S. 
vulgaris population than they were in a non-metallicous or a calamine one. As revealed by 
qPCR on gDNA, there seem to be four genomic copies of HMA5-1 and about 20 copies of 
HMA5-2 in cupricolous plants and only one of each in non-metallicolous plants of S. 
vulgaris, whereas there is only one in all the populations of S. paradoxa under study. MT2b 
expression was significantly higher in cupricolous than in non-metallicolous populations of 
both S. vulgaris and S. paradoxa. Genomic MT2b copy number expansion, in comparison 
with the non-metallicolous reference populations was apparent in all the cupriculous 
populations of both species. We also analysed the co-segregation of HMA5-1 and HMA5-2 
expression with Cu hypertolerance in segregating F2 and F3 progenies of a cross between 
cupricolous and non-metallicolous S. vulgaris. Both HMA5-1 and HMA5-2 expression co-
segregated significantly with Cu tolerance. Expression of one copy of SvHMA5-1, under a 
native SvHMA5-1 promoter from a cupricolous plant, in the Cu-hypersensitive At hma5 
mutant yielded an expression level in the root that was comparable to that of wild-type 
AtHMA5, suggesting that the high expression level in the cupricolous plants is solely due to 
copy number expansion. Expression of SvHMA5-1 under the 35S CMV promoter yielded a 
low degree of Cu hypertolerance, as estimated from the root growth response. It is argued 
that high-level Cu hypertolerance in S. vulgaris is a genetically complex trait, involving over-
expression of at least two HMA5 paralogues and MT2b. Also in S. paradoxa Cu 
hypertolerance in cupricolous populations was strictly associated with enhanced expression 
of SpHMA5 and SpMT2b, which is, again, a remarkable example of independent parallel 
evolution in different species. 
In conclusion, expression of HMA4 under a hyperaccumulator HMA4 promoter does 
not yield a hyperaccumulator-like phenotype for Zn translocation in the A. thaliana genetic 
background, possibly due to incorrect tissue-specificity. Furthermore, the molecular 
mechanisms underlying Cd and Cu hypertolerance in S. vulgaris and S. paradoxa seem to be 
very similar, if not identical. Natural selection under the pressure of heavy metal toxicity 
apparently targets the same genes in different congeneric species. Finally, research in metal 
hypertolerance in excluder metallophytes would strongly benefit from a genetically 
accessible model species.  
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Samenvatting 
 
Verontreiniging van bodems met zware metalen is een wereldwijd probleem. Hoge 
metaalconcentraties in de bodem kunnen het gevolg zijn van natuurlijke geochemische 
processen, of van menselijke activiteiten, zoals bijvoorbeeld mijnbouw, het smelten van 
metaalertsen, of metallurgische industrie. Hoge metaal concentraties in de bodem zijn 
normaliter toxisch voor planten, en zetten als zodanig de locale plantenpopulaties onderdruk 
van de natuurlijke selectie. Dit heeft geleid tot de evolutie van ‘metaalhypertolerantie’ binnen 
een aantal plantensoorten. Deze soorten, de zogenaamde ‘metallofyten’, of althans de 
‘metallicole’ populaties van deze soorten, bezitten specifieke mechanismen, die het de plant 
mogelijk maken om hoge metaalconcentraties in de bodem, maar ook in (delen van) hun 
lichaam te tolereren. Een kleine minderheid van deze metallofyten, de zogenaamde 
‘hyperaccumulatoren’, accumuleert de metalen tot zeer hoge concentraties in het blad, terwijl 
de meerderheid, de zogenaamde ‘shoot excluders’ over een groot traject van 
bodemmetaalconcentraties relatief lage en min of meer constante metaalconcentraties in het 
blad handhaaft. De moleculaire en fysiologische basis van metaalhyperaccumulatie en 
metaalhypertolerantie is tot op heden grotendeels onbekend. Dit proefschrift probeert meer 
licht te werpen op enkele aspecten van de moleculaire mechanismen die ten grondslag liggen 
aan Zn/Cd hyperaccumulatie bij de ‘hyperaccumulatie-modelsoort’ Noccaea caerulescens, en 
aan hypertolerantie voor Cd, Zn en Cu bij twee metallofyten van het ‘shoot excluder type’, 
namelijk Silene vulgaris en S. paradoxa. 
Bij een andere Zn/Cd hyperaccumulator, Arabidopsis halleri, werd eerder aangetoond dat een 
(zeer) hoog expressieniveau van HMA4 een eerste vereiste is voor Zn/Cd-hyperaccumulatie 
en –hypertolerantie. Ook N. caerulescens bleek een sterk verhoogde expressie van HMA4 te 
bezitten. In hoofdstuk 2 worden verschillende NcHMA4 kopieën en hun promotors 
gekarakteriseerd via expressie in de hma2/hma4 dubbelmutant van Arabidopsis thaliana, die 
een sterk verminderd vermogen heeft om Zn van de wortel naar de spruit te transloceren. 
Expressie van NcHMA4, evenals van AtHMA4, complementeerde de dubbelmutant volledig, 
maar alleen wanneer de natuurlijke AtHMA4 promotor als promotor van het transgen gebruikt 
werd. Expressie van NcHMA4 en AtHMA4 onder de controle van elk van de geïsoleerde 
NcHMA4 promotors herstelde de gebrekkige Zn translocatie van de mutant 
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slechts zeer gedeeltelijk, en verminderde de zichtbare symptomen van Zn deficientie in het 
blad niet of nauwelijks. Ook de karakteristieke complete reproductieve steriliteit van de 
mutant werd niet verholpen, in weerwil van het feit dat de NcHMA4 promotors gemiddeld 
twee maal zo actief in wortel en vijftig maal zo actief in de spruit waren dan de AtHMA4 
promotor. De weefselspecieke expressiepatronen, zoals vastgesteld door GUS expressie, 
kwamen slechts gedeeltelijk overeen. Zowel de AtHMA4 als de NcHMA4 promotors bleken 
vooral actief in de stele, maar de NcHMA4 promotors waren veel actiever dan de AtHMA4 
promotor in het meristematische deel van de worteltop en in de wortelkap. De AtHMA4 
promotor vertoonde geen detecteerbare activiteit in het blad, terwijl de NcHMA4 promotors 
een intense kleuring van de nerven, en in mindere mate ook van het bladmoes opleverden. 
Expressie van HMA4 onder een NcHMA4 promotor verhoogde de transcript concentratie van 
het door Zn deficientie geïnduceerde gen ZIP4, respectievelijk met een factor 7 en een factor 
35, t.o.v de transcript concentraties in de Athma2/hma4 dubbelmutant en ‘wildtype’. Deze 
resultaten suggereren dat expressie van HMA4 onder de controle van een NcHMA4 promotor 
de Zn deficientie in het blad van de dubbelmutant eerder verergert dan verlicht, ondanks het 
feit dat het de foliaire Zn concentratie significant verhoogt. Dit zou het gevolg kunnen zijn 
van expressie in het bladmoes, leidend tot Zn efflux vanuit de bladmesofylcellen en, in 
afwezigheid van een sterk verhoogde Zn translocatie van wortel naar spruit, tot een 
verhoogde mate van Zn deficientie. Aangezien NcHMA4 ook van nature, bij N. caerulescens, 
in hoge mate in het blad tot expressie komt, suggereert dit dat het genproduct, behalve bij de 
translocatie van Zn van wortel naar spruit, ook een rol zou kunnen spelen bij het transport 
van Zn binnen het blad, vanuit de stele, via het bladmesofyl, naar de ‘eindbestemming’, de 
grote epidermiscellen. Het relatief kleine effect van HMA4 expressie onder de NcHMA4 
promotors op de translocatie van Zn van de wortel naar de spruit in de dubbelmutant hangt 
vermoedelijk samen met een incorrecte weefselspecificiteit van het expressiepatroon binnen 
de ‘genetic background’ van A. thaliana, namelijk in de gehele worteltop in plaats van 
uitsluitend in de wortelkap, zoalshet laatste het geval is in wildtype A. thaliana, maar ook in 
N. caerulescens. 
In hoofdstuk 3 wordt de isolatie en clonering van een op AtHMA2 gelijkend gen van 
S. vulgaris en S. paradoxa beschreven, en de eventuele rol van dit gen bij Cd of Zn 
hypertolerantie onderzocht door middel van een co-segregatie analyse van segregerende F2  
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en F3 generaties van kruisingen tussen planten uit metallicole en non-metallicole populaties. 
De transcript concentraties van zowel SvHMA2 als SpHMA2 waren ongeveer zes maal hoger 
in metallicole dan in non-metallicole planten. In de segregerende kruisingen van beide 
soorten co-segregeerde het hoge HMA2 expressieniveau met Cd hypertolerantie, maar niet 
met Zn hypertolerantie. De segregatiepatronen voor Cd and Zn tolerantie bij S. paradoxa 
waren identiek met de eerder voor S. vulgaris beschreven patronen, wijzend op mono- en 
digenetische controle van, respectievelijk, Cd en Zn hypertolerantie bij beide soorten. Deze 
resultaten suggereren dat bij beide soorten over-expressie van HMA2 het mechanisme achter 
Cd hypertolerantie is. Als dit zo is, dan vormt dit een opmerkelijk voorbeeld van 
onafhankelijke parallelle evolutie binnen verschillende soorten. De gebruikte metallicole 
populaties van S. vulgaris en S. paradoxa bezaten respectievelijk vijf en twee maal zoveel 
genomische kopieën van het HMA2 gen dan de non-metallicole populaties. Dit zou de 
verhoging van het expressieniveau in de metallicole populatie van S. vulgaris kwantitatief 
kunnen verklaren. Bij S. paradoxa speelt vermoedelijk ook een veranderde cis-regulatie een 
rol. Als het HMA2 locus zelf het segregerende Cd hypertolerantiegen is, dan moeten de 
individuele genomische kopieën van de metallicole populaties zich dicht bij elkaar op 
eenzelfde chromosoom bevinden, en samen als één enkel gen overerven, gezien de 
monogenetische segregatie van Cd hypertolerantie (zie boven). 
In hoofdstuk 4 wordt de isolatie en clonering van twee orthologen beschreven van 
AtHMA5, namelijk SvHMA5-1 en SvHMA5-2 van S. vulgaris en SpHMA5-1 van S. paradoxa, 
en de eventuele rol van deze genen bij Cu hypertolerantie onderzocht. Zowel HMA5-1 en 
HMA5-2 bleken veel hoger tot expressie te komen bij cupricole dan bij non-cupricole 
populaties van S. vulgaris. Deze verhoogde expressie bij de Cu-hypertolerante planten was 
geassocieerd met een sterke expansie van het aantal genomische kopieën van beide genen. 
Ook bij cupricole populaties van S. vulgaris waren de HMA5-1 transcript concentraties 
gemiddeld hoger dan bij non-cupricole populaties, maar er was geen verschil in het aantal 
genomische kopieën. Ook de expressie van MT2b, een voor een Cu-bindend metallothioneine 
coderend gen, was bij beide soorten significant hoger in cupricole dan in non-cupricole 
populaties. Bij beide soorten bezaten de cupricole populaties gemideld meer genomische 
kopieën van dit gen dan de non-cupricole populaties. In segregerende kruisingen tussen 
cupricole en non-cupricole S. vulgaris co-segregeerde Cu hypertolerantie met een verhoogd  
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expressieniveau van zowel SvHMA5-1 als SvHMA5-2. Expressie van een SvHMA5-1 kopie, 
onder de controle van een SvHMA5-1 promotor van een cupricole plant, in de Cu-
hypergevoelige Athma5 mutant resulteerde in een expressieniveau in de wortel dat ongeveer 
gelijk was aan het ‘wildtype-niveau’ van AtHMA5, hetgeen suggereert dat de verhoogde 
expressie in cupricole S. vulgaris volledig toe te schrijven valt aan uitbreiding van het aantal 
genomische kopieën. Over-expressie van SvHMA5-1 in de Athma5 mutant, met behulp van de 
35S CMV promotor, resulteerde in een laag, maar significant niveau van Cu hypertolerantie. 
De resultaten suggereren dat Cu hypertolerantie een genetisch complexe eigenschap is, 
waarvoor in ieder geval een gecombineerde over-expressie van HMA5 en MT2b noodzakelijk 
lijkt. Omdat Cu hypertolerantie zowel bij S. vulgaris als S. paradoxa geassocieerd is met 
over-expressie van HMA5 en MT2b, lijkt het erop dat deze soorten min of meer identieke 
onderliggende mechanismen voor Cu hypertolerantie bezitten. Als dit zo is, dan vormt dit 
wederom een opmerkelijk voorbeeld van onafhankelijke parallelle evolutie bij verschillende 
soorten. 
Samenvattend, expressie van HMA4 onder de controle van een HMA4 promotor van 
een hyperaccumulator in A. thaliana resulteert niet in een Zn translocatie-fenotype dat in de 
buurt komt van dat van een hyperaccumulator, waarschijnlijk vanwege een incorrecte 
weefsel-specificiteit van de expressie van het transgen. De moleculaire mechanismen van Cd 
en Cu hypertolerantie in metallicole S. vulgaris en S. paradoxa lijken min of meer identiek. 
Dit suggereert dat natuurlijke selectie onder druk van metalltoxiciteit grotendeels dezelfde 
loci treft bij verschillende soorten van hetzelfde geslacht. Tot slot, verder onderzoek aan 
metaalhypertolerantie bij metallofyten van het ‘excludertype’ zou sterk gebaat zijn bij de 
beschikbaarheid van een genetisch transformeerbare modelsoort. 
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